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ABSTRACT 
~-Styryldiphenylphosphine (SPP) and ~-styryldlphenylarsine 
(SPA) form five-coordinate, chelate complexes with rhodium(I) and 
iridium(I) of general formula, ML 2Cl, (M = Rh, Ir; L = SPP, SPA). 
Although Rh(SPP)2Cl and Rh(SPA)2Cl undergo rapid intramolecular re-
arrangement in solution at room temperature, the analogous iridium 
complexes are stereochemically rigid under the same conditions and 
must be heated strongly before similar non-rigidity becomes apparent. 
Chloride ion is easily displaced from ML 2Cl by large, non-
- -
coordinating anions (BF 4 ' BPh4 ) and the products isolated are four-
+ 
coordinate, cationic complexes of rhodium(I) and iridium(I), [ML 2] . 
+ Both ML 2Cl and [ML 2] react readily with n-bonding ligands (L') 
(L' = CO, PF 3 , tertiary phosphines) to form five-coordinate, cationIc 
complexes [ML 2(L')]+. In most cases, the reactions proceed without 
affecting the chelated ligands, and this reflects the strong chelatlng 
tendencies of SPP and SPA. + Many of the complexes [ML 2(L')] exhibit 
stereochemical non-rigidity in solution, the rate of which depends on 
the nature of the metal and the relative n-acceptor properties of the 
ligand, .L'. Ligands which are strong n-acceptors favour stereochemIcal 
non-rigidity in the complexes. This IS attributed to a weaker 
n-component of the metal-olefin bond In these complexes. A feature of 
both the neutral and the five-coordinate complexes studied is that the 
iridium complexes are generally more rigid, stereochemically, than the 
corresponding rhodium complexes. This is in agreement wIth the general 
observation that complexes of third row transition metals are more 
rigid than the analogous complexes of the fIrst and second row metals, 
and is attributed to the greater strength of iridium-olefin bonds 
relative to that of rhodium-olefin bonds. 
+ -The complex [Rh(SPP)2 J BPh 4 reacts with hydrogen to form 
Rh(SPP) (rr -PhBPh3) which contains a tetraphenylborate anion rr-bonded 
to rhodium through one of its aromatic rings. The reaction IS 
accompanied by the hydrogenat ion of 1 mole of SPP. Similar TI-arene 
+ -
type complexes may be prepared from [Rh(SPA)2 J BPh4 and hydrogen, 
and from Rh(SPP)2Cl and sodium cyclopentadienide. 
Treatment of solutions of [M(CO)2C12J-, (M = Rh , Ir) and 
HCl with SPP or ~-allylphenyldiphenylphosphine (APP) yields dimeric, 
chlorine-bridged complexes of rhodium(III) and iridium(III). Each 
complex contains a bidentate phosphine, which is chelated via a metal-
phosphorus bond and a metal-carbon a-bond. The latter probably 
arises from oxidative addition of HCl to the metal-olefin moiety. 
The dimers give monomeric, chelate derivatives with monodentate tertiary 
phosphines. 
1 
CHAPTER 1 
Introduction 
The abilIty of olefins to form coordInation compounds wIth 
transition metals first became apparent in 1827, when Zeise isolated 
a colourless crystalline compound, which he described as 
lJ h KCl.PtC1 2 ·C 2H4 ·H20. As it was impossible to adequately explain t e 
mode of bonding between ethylene and platinum, at the time, the 
composition of this substance was not accepted 3 until Birnbaum4 isolated 
the analogous propylene and amylene complexes in 1868. The bonding 
still could not be explained, however, and as a result there was little 
interest in the subject for many years. 
Recently , there has been a surge of interest in metal-olefin 
chemistry. This began with the discovery of ferrocene in 19525 ,6 and 
has resulted in the isolation of stable olefin complexes of most 
. . 1 7,8,9 transItIon meta s. It is through this renewed interest, and the 
advancement of spectroscopic techniques and molecular orbital theory, 
that a satisfactory understanding of metal-olefIn bonding has now 
emerged. 
Bonding In Metal-Olefin Complexes 
Contemporary understanding of the bonding In metal-olefin 
10 
complexes began with the suggestion by Dewa~ and later by Chatt and 
11 
Duncanson, that the metal-olefin bond is composed of two separate 
bonding effects. The first of these (termed the a-component of the 
bond) arises from overlap of the filled n-orbital of the olefin with an 
empty metal hybrid orbital, while the second (termed the n-component 
of the bond) is a result of overlap of a filled metal d-orbital , or 
dp-hybrid orbital, with the antibonding n*-orbital of the olefin 
(Fig. 1.1). 
C 
C 
~ a -component overlap 
~ n-component overlap 
Fig. 1.1. Dewar-Chatt and Duncanson ~1odel of the Bonding ln Metal-
Olefin Complexes 
Fig. 1.2. The Bonding Model Proposed for Transition-Metal Complexes 
of Activated Olefins 
r 
The degree to which each component contributes to the 
9 12 
strength of the metal-olefin bond has been studied extenslvely. ' 
For most metals, metal-olefin bonds are stabilised by situations which 
2 
favour electron transfer from metal to olefin (or strengthenlng of the 
n-component of the bond).t Thus, metals with less than four d-electrons 
(i.e., Groups IIIB - VB), and metals in high oxidation states, rarely 
form stable complexes with olefins. Similarly, the presence of electro-
negative substituents on the olefin enhances the strength of the metal-
olefin bond. This effect has been clearly demonstrated by Cramer13 for 
the complexes , Rh(C 2H4) (olefin) (acac), (acac = MeCOCHCOMe-). The 
equilibrium constants for the displacement of ethylene from 
Rh(C 2H4)2(acac) by another olefin in a closed system were measured 
spectrophotometrically (Eqn. 1.1). The results (Table 1.1) show that 
Rh(C H4) (acac) + olefin 2 2 
, 
< 
TABLE 1.1 
Equilibrium Constant at 25°C for the Displacement 
of Ethylene from Rh(C2~l2(acac) 
Olefin 
Propene 
I-Butene 
cis-2-Butene 
trans-2-Butene 
Isobutene 
Vinylmethyl ether 
Styrene 
Acrylonitrile 
(C 2H3C ) 
K 
e 
0.078 
0.092 
0.004 
0.002 
0.004 
0.018 
0.08 
>50 
Olefin 
Vinyl chloride 
Vinyl fluorlde 
l,l-Dlfluoroethylene 
trans-l,2-Dlfluoro-
ethylene 
cls-l,2-Difluoro-
ethylene 
Trifluoroethylene 
(C 2F 3H) 
Tetrafluoroethylene 
(C 2F 4) 
... (1 . 1) 
K 
e 
0 . 17 
0.32 
0.10 
1.24 
1.59 
88 
59 
t Silver(I)-olefin complexes are notable exceptlon to thlS rule. It should 
be noted also that platlnum(II)-olefln complexes are still subject to 
some controversy in thlS regard. 12 
I 
3 
substitution of ethylenic hydrogen by methyl groups decreases the stabilIty 
of the rhod~um complex, while substitution by fluorine increases the 
stability of the complex. SInce any substitution is expected to produce 
some steric destabilisation in the complex , the greater strength of 
the rhodium-olefin bond in Rh(C 2H4) (C 2F3H) (acac), Rh(C 2H4) (C 2F4) (acac) 
and Rh(C 2H4 ) (C 2H3CN) (acac) must be due to the electronegative nature 
of the fluoride and cyanide substituents. 
14 15 . Prior to this work, Parshall et al. ' had publIshed 
similar results for a series of tetrafluoroethylene complexes of 
rhodium and iridium. The high s t abilIty observed for complexes con-
taining activated olefins (olefins with electronegative substituents) 
led the authors to suggest that metal-olefin bonding in these complexes 
might best be considered in terms of a a-bonded, three-membered ring 
in which electrons from two d-orbitals or dp-hybr id orbitals of the metal 
are paired with electrons from sp3 orbitals of carbon (Fig. 1 . 2). The 
oxidation state of the metal, in this model, is formally greater by two 
than that suggested by the Dewar-Chatt and Duncanson model. 
While this descript i on of bonding in metal-olefin complexes 
IS plausible for the particular complexes that Parshall et ale 
considered, its use, at the time, was rather unfortunate as it led to 
the implication that two different types of bonding were In fact 
possible, (VIZ. those depicted in Figs. 1.1 and 1.2). 
The same problem arose in describIng the bondIng In metal-
acetylene complexes. 16 Although Chatt had pointed out the possibIlIty 
of there existing a series of complexes In WhIch a gradual tranSItIon 
occurred between bondIng of types A and B (FIg. 1.3), later 
15 17-20 
workers' hardened the distInctIon between the two types of bondIng 
and tried to descrIbe partIcular metal-acetylene bonds as beIng eIther 
of type A or of type B. 
C 
A 
B 
Fig . 1.3. The Bonding ln Metal-Acetylene Complexes. 
4 
ThIS dl hotomy has been resolved recently by the appl1catlon 
of molecular orbital theory to the study of metal-olefin (and acetylene) 
21-23 bonds. From slmple group theory arguments It can be shown that 
the TI- and TI*-orbitals of the unsaturated llgand are of sU1table 
symmetry to overlap with metal s-, p- and d-hybrid orbitals. As a 
result, bond formation lS largely dependent on the relative energles of 
these orbitals; the closer the orbitals are in energy, the greater the 
probability of bond formation. Accordingly, the energies of the 
TI- and TI*-orbitals of some unsaturated ligands have been estimated and 
compared with the energies of metal orbitals. The results show that, 
as the electron density in the unsaturated ligand 1S decreased, the 
energy difference between metal orbltals and olefin (or acetylene) 
antibondlng TI*-orbitals gradually decreases . Thus, electronegatlve 
substituents should strengthen the TI-(metal to ligand) component 
of the metal-olefin (or acetylene) bond. A corresponding gradual 
increase in the energy difference between metal orbltals and olefin 
(or acetylene) TI-bondlng orbitals lS also observed, and thus, formatlon 
of the a-(ligand to metal)-component of the bond lS d1sfavoured by 
electronegative substituents. 
The important point to realise lS that, as the electron density 
In the C=C (or C=C) bond of the coordlnated olefln (or acetylene) decreases 
the TI-component of the bond gradually becomes the dominant factor In 
determining bond formation. This gradual change lmplles that metal-olefin 
(or acetylene) bondlng should be consldered as belng intermedlate between 
the Dewar-Chatt and Duncanson model and the "a-bonded, three-membered 
ring" model. The degree of slmllarlty of a particular metal-olef1n 
lnteractlon with elther model lS then determined by the electronic 
propertles of the metal atom and the substituent groups on the olefin 
(or acetylene). In the limiting case, where strongly electro-
negatlve substituents cause the TI-component to completely dominate 
the metal-olefIn (or acetylene) interaction, a a-bonded, three-
membered ring results. 
Stereochemistry of the Metal-Olefin Bond 
Two orientations of the olefin about the metal-olefIn aXIS 
are known; one with the olefin in the coordination plane, the other 
24 
with the olefin perpendicular to the coordination plane. Both 
5 
orientations may be explained In terms of the Dewar-Chatt and Duncanson 
model. When the olefin is perpendicular to the coordination plane 
(the xy plane) (Fig. 1 . 4a), overlap of the metal d -orbital with the 
xz 
antibonding n*-orbital of the olefin accounts for the formation of the 
n-component of the metal-olefin bond. When the olefIn is in the 
coordination plane (Fig. 1.4b), formation of the n-component occurs 
through overlap of the metal d -orbital with the antibonding n*-orbital 
xy 
of the olefin. Formation of the a-component of the metal-olefin bond 
IS favoured with the olefin in either orientation. Thus, both 
perpendicular and planar orientations of the olefin are feasIble In 
metal-olefin complexes. 
The preferred orientation of an olefin in a partIcular complex 
IS controlled by both steric and electronIC factors. In many square 
planar complexes of platinum(II) and rhodlum(I), the oleflns are per-
24-26 pendicular to the square plane. In this orientation, steric 
factors associated with the olefin carbon atoms are mInImIsed, and 
improved orbital overlap In the n-component of the metal-olefIn bond 
can occur through admixture of a small amount of an empty metal 
. 11 27 P -orbItal wIth a d - or d -orbItal. ' 
z zx yz A planar orIentatIon of 
the double bond is preferred, however, in many trIgonal and TrIgonal 
24 28 bipyramidal complexes.' Bulky groups in the apIcal posItIons of 
the trigonal bipyramidal complexes are belIeved to account for the 
planar orientation of the olefin. In the trIgonal complexes, a similar 
... 
z 
1· ···· ····x 
(a) 
x 
aCbo C . C 
(b) 
Fig. 1.4 . "Perpendi cular" and "Planar" Orientations of 
Olefins in Metal-Olefin Complexes 
6 
explanatIon is not possible, and the planar orientatIon must be accounted 
for in terms of unl:nown electronic fac tors. 
Spectr oscopi c Properties of Metal-Olefin Complexes 
(a) Infra-Red and Raman Spectra 
(i) C=C Stretching Mode. [v(C=C) ]. The coordInation of an olefin to a 
metal Ion causes a decrease In the bond order of the carbon-carbon double 
bond, and this is reflected in a lowering of the double bond stretching 
frequency v(C =C). As signment of the correct band to this stretchIng 
f h b f E 1 . 11 requency as een a matter 0 controversy. ar y InvestIgators 
-1 placed the band at ca. 1500 cm , which means that v(C=C) drops by ca. 
150 cm- l on coordination. However, this assignment was challenged by 
Gribov et al. 29 who held that the band at ca. 1500 cm- l was, in fact, a 
30 CH 2 scissoring mode of the coordinated olefin. Adams and Chatt, and 
31 Powell and Sheppard, subsequently disproved thIS assignment by notIng 
-1 bands at ca. 1500 cm in the i.r. spectra of K[PtC1 3L] .H20, (L = CIS-
and trans-2-butene), which contain no CH 2 groups. 
Recently, Hiraishi32 has investigated the i.r. and Raman 
spectra of Zeise's salt and its deuterated analogue. He tentatively 
-1 
assigned a band at 1243 cm to the C=C stretching mode of Zelse's salt 
-1 
and a band at 1515 cm to the interaction of a CH 2 sCIssorIng mode 
with the C=C stretching mode. These conclusions were subsequently 
33 
extended to include K[PtC1 3L] .H20, (L = CIS- and trans-2-butene). 
-1 Again, bands near 1240 cm \ ere assigned to C=C stretchIng modes, 
-1 
while those near 1500 cm were assigned to an InteractIon between CH 
bending and C=C stretching modes. 
7 
Further evidence for the interaction of the latter two modes 
has been reported by Powell et al. 34 The percentage change ln frequency 
-1 -1 that occurs in the bands at ca. 1500 cm and ca. 1240 cm on complex 
formaLion was measured. It was concluded that both bands are due to 
coupled CH bending and C=C stretching modes. In Zelse's salt, the 
maJor contribution of the C=C stretching frequency is expected to be 
-1 found in the 1240 cm band. In complexes containing substituted 
ethylenes, however, the major contribution of the C=C stretchlng 
frequency is found in the 1500 cm- l band. 
-1 -1 The appearance of bands at ca. 1500 cm or at ca. 1240 cm 
ln the l.r. or Raman spectrum of a complex can, therefore, be considered 
as evidence for the presence of a metal-olefin bond in the complex. 
(ii) Out-Of-Plane Deformation Modes. [n(-CH=) and n(=CH211. Free olefln 
groups are usually detected by the appearance of the v(C=C) band at 
-1 
ca. 1640 cm In some compounds, however, this absorption is rather 
weak and other, more intense bands are used to detect the presence of 
the double bond. Bands due to the out-of-plane deformation modes of 
olefinic CH and CH 2 groups are intense ln the infra-red and, for 
-1 -1 35 
vinyl compounds, are easily identifled at ca. 995 cm and ca. 910 cm 
When the olefin becomes saturated or coordinated to a metal atom, 
these bands are shifted, though they cannot always be identlfled. Their 
appearance ln the i.r. spectrum of an unknown compound can, therefore, 
be considered as evidence for the presence of a free vinyl group ln the 
compound. 
(b) Proton Nuclear 1agnetlc Resonance Spectra 
A general feature of the n.m.r. spectra of metal-olefin 
complexes is that the olefinlc proton resonances are shifted upfleld 
relative to those of the free olefin. For example, free ethylene 
absorbs at 4.67T (CDC1 3 , 32°C), whereas in Rh(C 2H4)2(n-CSHS)' the 
° 36 eth,lene resonance~ are observed at 7.231 and 8.88t (CDC1 3 , 2S C). 
This upfie d shift has been attributed both to increased sh1eld1ng of 
the 01ef1nic protons by electron back-donat1on through the n-component 
of the metal-olefin bond, and also to increased "long-range shielding" 
, 37 38 
effects arIsing from electrons in the olefin bond1ng n-orb1tal. ' 
The latter effect explains why, in a part1cular metal-olefin complex, 
some 01efin1c proton resonances are shifted to a greater extent than 
others. 
E h 1 , f ' 1 ' h rh 0 d l' urn ( I) 36 , 39 - 4 1 t y ene, 1n some 0 1tS comp exes W1t 
, 42 43 
and plat1num(II) , has been shown to undergo a rapid rotat1on about 
the metal-olefin axis. For example, the n.m.r. spectrum of 
Rh(C 2H4 )2(n-CsHs)36 at -20°C shows two separate olefinic resonances, 
8 
due to pairs of non-equivalent, coordinated ethylene protons. At +S7°C, 
however, only a single, broad resonance is observed for ethylene; th1S 
has been attr1buted to a propellor-like rotat1on of ethylene occurr1ng 
about the rhodium-ethylene axis so rap1dly that different conformations 
of ethylene in the complex cannot be detected by n.m.r. spectroscopy . 
The energy barrier for the rotation of ethylene 1n both 
rhodium and plat1num complexes has been estimated as only 10-16 kcal/mole. 
This suggests that the rotation proceeds without rupture of the metal-
36 
olefin bond. It has been suggested that ethylene fl1PS rap1dly 
between the low-energy, "planar" and "perpend1cular" or1entat1ons 
(see p.S) and, in doing so, passes through a sector in which the 
n-component of the metal-ethylene bond is formed through overlap of the 
ant1bond1ng n*-orb1tal of ethylene w1th two, mutually perpend1cular 
metal d-orb1tals. Thus, the rotat1on 1nvolves a weakening, but not 
rupture, of the n-component of the metal-ethylene bond. Th1S suggestion 
is supported emp1rically by the observat1on that the energy barrier for 
ethylene rotatIon In Rh(C 2H4)2 ~-CSHS) is lowered when the cyclopenta-
40 dienyl protons are substituted by electronegatIve groups. Such 
9 
groups weaken the rr-component of the rhodium-ethylene bon , by redUCIng 
the extent of e ectron back-donatIon from rhodIum to ethy~ene, and 
thereby facilitatIng ethylene rotation In the comple es. 
A similar effect is observed if the rates of ethylene rota-
tion In Rh(C 2H4)2(n-CSHS) and Rh(C 2H4) (C 2F4) (rr-CSHS) 
39 (C 2F4 = tetrafluoroethylene) are compared. Rotation occurs much 
more rapidly in the latter complex, which contains the electronegative 
olefin, C2F4 . Electron back-donation from rhodium to C2F4 
weakens the 
n-component of the rhodium-ethylene bond, and thus facilItates 
ethylene rotation. A further consequence of this enhanced back-
donation IS, however, to strengthen the n-component of the rhodium-
C2F4 bond. Thus, it IS not surprising that rotation of C2
F
4 
In 
Rh(C 2H4) (C 2F4) (n-CSHS) is not observed even when the complex IS heated 
to 100°C in so ution. 
Recently, variable temperature n.m.r. studIes of metal-
olefin complexes have revealed that rapId exchange between coordInated 
and free olefin often occurs in four-coordInate complexes. For 
example, coordinated ethylene, in Zeise's salt44 and In Rh(C
2
H
4
)2(acac):6 
undergoes rapId exchange with free ethylene In SolutIon at room 
temperature When the rate of ethylene exchange IS slow, two separate 
resonances are observed In the n.m.r. spectrum of the complex/ethylene 
mixture, due to free and coordinated ethylene. As the rate of 
exchange IS increased, however, the two resonances broaden and theIr 
chemIcal shift separation decreases. They eventually coalesce, when 
the exchange IS so rapId that the two separate states of the olefin 
are no longer dIstIngUIshable by n.m.r. spectroscopy. The chemIcal 
shift of the "average" resonance, resulting from thIS coalescence IS 
dependent on the relative concentration of the olefin In each state. 
Metal Comp exes Containing Chelated Olefins 
Di-01efins form metal-chelate complexes which are generally 
} . 1 . - f ' 7-9,12 more stable tlan 1m1lar comp exes conta1n1ng two mono-oJe 1ns. 
For example, the complexes PtLCl 2, (L = 1,5-cyc1ooctadiene, 
45 d1cyclopentadiene) are extremely stable at room temperature, yet 
10 
46 Pt(C2H4)2C12 dissociates at _6°C, even in an atmosphere of ethylene. 
Similarly, the complex Ni(CSHl2 )2' (C 8H12 = l,5-cyc1ooctadiene) has 
47 been prepared and is quite stable, but the correspond1ng ethylene 
complex cannot be isolated. The complex, (C 2H4)Ni(PPh3)2 ' 1S, however, 
known but its relatively high stability is attribuced to the "soft" 
character (or electron-donating properties) of the coordinated 
h h · 48 P osp 1nes. 
Ligands containing both a Group V donor atom and an olefin 
have recently been used in the study of metal-olefin complexes. Such 
ligands incorporate the stab1lising effect of a potential chelate-
ligand and the stabilis1ng influence of a Group V donor-atom,and 
thus form stable complexes with many metals. Metals which are known to 
V49. 50-53 form stable complexes with these ligands are: ,Cr,Mo,W ; 
M R 54-56 F R 57,58 n, e ; e, u ; Rh 59 - 65 . , Ir65 . , Pd66 - 70 . , P 66-77 t . , 
C A 67,78 A 67,79-81 u, g ; u . Some examples of the ligands used are 
illustrated in Fig. 1.5. 
Until recently, research in this area was conf1ned mainly to 
complexes of palladium(II) and plat1num(II). The llgands, 
o-styryld1methylars1ne (SMA) and o-styryld1phenylphosphine (SPP) form 
- -
planar chelate mono-olefin complexes, with plat1num(II), of general 
formula, PtBr (llgand), Wh1Ch undergo add1tlon w1th brom1ne to give 
octahedral platinum(IV)-carbon a-bonded, chelate complexes 
(E I ?) 73,76 qn. . _ . The platinum(II) omp exes do not react with other 
electrophlles such as hydrogen halides, and the correspond1ng palladium(II) 
o-Styryldimethylarsine 
- (SMA) 
CH=CH2 
~-Styryldiphenylphosphine 
(SPP) 
CH 2CH=CH2 
o-Allylphenyldiphenylphosphine 
- (APP) 
CH2=CH(CH2)2PPh2 
~-But-4-enyldiphenylphosphine 
(but-PP) 
H=CH 2 
~-Styryldiphenylarsine 
(SPA) 
H2CH=CH2 
o_Allylphenyldimethylarsine 
(AMA) 
H=CHCH3 
o-Propenylphenyldiphenyl-
- phosphine (PPP) 
CH2=CH(CH2)3PPh2 
n-Pent-4-enyldiphenylphosphine 
(pent-PP) 
Fig. 1.5. Some Olefinic Tertiary Phosphines and Arsines 
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Br 
Pt . .. (1.2) 
CH 
, 
Br CH2Br 
'1 
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complexes fail to gIve palladium(IV)-carbon a-bonded specIes on treat-
ment with either halogens or hydrogen halides. 
Addition of hydrogen halide to either Fe(SPP) (CO)3 or 
( ) ( 0) h . d' 1 57 . h d 1 Ru SPP C 3 ' owever , occurs qUIte rea I y to gIve oct a e ra 
iron(II)-carbon or ruthenium(II)-carbon a-bonded, chelate complexes, 
respectively (Eqn. 1.3) . 
Ph 2P 
--f{(J Ph 2 CO 
OC P CO CH 
©(H/ / II HX ... (1.3) M ;) M OC/ CH 2 CO 
, 
CO CH3 X (M = Fe Ru' X = Cl,Br) , , 
Some rhodium complexes containing olefinic tertiary phosphines 
have recently been reported. n-But-3-enyldiphenylphosphine (but-PP) 
forms both a dimeric chelate complex, [Rh(but-PP)Cl]2 and a monomeric 
complex , Rh(but-PP)2Cl (I) with rhodium. 6l ,65 The i.r. spectrum of 
the latter complex, in the solid state, shows that both phosphine 
ligands are chelated. 
chemically different; 
In solution, however, the complex is stereo-
-1 the i.r. spectrum shows a band at 1638 cm 
suggesting at least one of the olefins is uncoordinated, and the 
n .m.r . spectrum indicates that both olefins are effectively equivalent 
and coordinated at room temperature. The anomalous i.r. and n.m.r. 
spectra have been attributed to the rapid exchange of olefins between 
free and coordinated states. 65 
12 
Complex (I) reacts readily with carbon monoxide to form 
Rh(but-PP)2(CO)Cl (II), which is believed to be five-coordinate In the 
solid state (one olefin coordinated, the other olefin free) and four-
coordinate in solution (both olefins free). In polar solvents, (II) 
rapidly dissociates to produce the four-coordinate complex, 
+ -[Rh(but-PP)2(CO)] Cl (III) . Complexes (I) and (III) are readily 
hydrogenated, forming 
the monomeric complex 
the dimeric complex [Rh{Ph2P(CH2)3CH3}2Cl]2 
Rh{Ph P(CH 2) CH }2(CO)Cl respectively (Fig. 2 3 3 
The ligand, n-pent-4-enyldiphenylphosphine (pent-PP) has 
and 
1.6) . 
been used to prepare a series of complexes with palladium and platinum. 66 
Compared to o-allylphenyldiphenylphosphine (APP), ~-allylphenyldi-
methylarsine (AMA) and SPP, this ligand is a much poorer chelating 
agent. Stable, chelate, mono-olefin complexes of palladium(II), viz. 
PdLC1 2, (L = SPP, APP, AMA) are easily formed with the latter group 
. 67 68 
of lIgands.' With pent-PP, however, only the dimeric [Pd(pent-PP)C1 2]2 
In which both ligands are coordinated through phosphorus only, can be 
formed. This has been attributed to two factors. Firstly, in each of 
the ligands, APP, AMA and SPP, the olefin has an electronegative 
substituent, VIZ. the phenyl rIng, and this should stabilise a metal-
olefin bond to some extent. Secondly, the ligands, APP, AMA and SPP, 
are sterically constrained for favourable chelate formation with a 
metal - more so, than pent-PP, which contains a long, flexible, 
aliphatic chain, between the Group V atom and the olefin. 
For the same reason, the ligands, APP, SPP and SPA, 
(SPA = o-styryldiphenylarsine) would be expected to be better chelating 
agents than but-PP. 
This thesis describes the reactions and stereochemical 
properties of several rhodium and iridium complexes of SPP, SPA and APP. 
/Cl~ 
~Cl/ 
(a) 
C1 
~ 
Rh 
h 2 
/PCHZCHZCHZCH3 
~PCHZCHZCHZCH3 
Ph 2 
Fig. 1.6. Products of the Hydrogenation of 
(a) Rh(but-PP)2C1 
and (b) + -[Rh (but-PP)iCO)] C1 
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In Chapter 2, the neutral five-coordinate complexes, ML 2Cl , (M = Rh, 
Ir; L = SPP, SPA) are reported and their properties compared with 
those of Rh(but-PP)2Cl and similar five-coordinate complexes. Chapter 
3 deals with the preparation, reactions and stereochemical properties 
of some cationic, rhodium(I) and iridium(I) complexes of SPP and SPA. 
Finally, in Chapter 4, some rhodium(III) and iridium(III) complexes, 
which contain ligands derived from SPP and APP, are reported. 
CHAPTER 2 
Neutral, Five-Coordinate Complexes of Rhodium(I) 
and Iridium(I) with o-Styryldiphenylphosphine 
and ~-Styryldiphenylarsine 
, , 1 h' d8 f' 'f b h f Trans1t1on meta s aV1ng a con 19urat1on orm ot our-
and five-coordinate complexes. The latter complexes, which usually 
14 
have a trigonal bipyramidal configuration, are coordinatively saturated 
since there are 18 electrons in the valence shell of the metal atom. 
In the four-coordinate complexes, however, the metal possesses only 16 
electrons in the valence shell and so the complexes are coordinatively 
unsaturated. 
It has been stated that the tendency of metals with a d8 
configuration to become five-coordinate 1ncreases as one 
, 82 83 
ascends a tr1ad.' While it is true that five-coordination 1S 
favoured more by first row elements than by either second or third row 
elements, the reverse appears to hold for complexes of rhodium(I) and 
iridium(I); five-coordinate iridium(I) complexes are generally more 
stable than the corresponding rhodium(I) complexes. For example, the 
84 8S + - 86 
complexes IrH(CO) 2 (PPh3) 2' Ir(C 2H4) 4Cl ; and [Ir(diphos) 2 (CO)] X , 
(diphos = 1,2-bis(diphenylphosphino) ethane, Ph 2PCH2CH 2PPh 2; 
- - -X = Cl , Br , Cl04 ) have all been isolated, but attempts to prepare 
the rhodium analogues have failed. 
Similarly, the complexes Ir(COO)L 2Cl, (L = PPh3 , AsPh 3) have 
87 88 been prepared, , but the corresponding rhodium(I) complexes are 
believed to exist only as intermediate species in solution. 89 The 
latter complexes have been used to explain the rapid interchange of 
olefinic protons, HA and HB (Eqn. 2.1), in [Rh(COO)LCl]. At O°C, HA 
and HB resonate at different magnetic fields in the n.m.r. 
· 
15 
- t Cl L 
/ L 
... (2.1) +S --~ 
" 
Rh - --
-S 
Cl 
(S = PPh , AsPh or a solvent molecule) 
3 3' 
spectrum, due to the asymmetry of the complex. At elevated temperatures, 
however, these resonances broaden and finally coalesce at their weighted 
mean chemical shift. This effect is considerably enhanced by the 
presence of free ligand (PPh3 , AsPh3) and thus, the interchange of HA 
and HB has been interpreted as proceeding through a five-coordinate 
intermediate, formed either by coordination of a free ligand or a sol-
vent molecule. The equivalence of the olefinic protons has been 
accounted for in terms of an angular twist of the diene ln the five-
coordinate intermediate; similar processes have been used to describe 
90 
the stereochemical non-rigidity of many five-coordinate compounds. 
A comparison of the rate constants for the reaction between M(COD)LCl, 
(M = Rh, Ir; L = PPh3 , AsPh3 , SbPh3) and free ligand (L) has revealed 
faster reactions for iridium than for rhodium. 88 ,89 This is presumably 
due to the greater tendency of iridium to be five-coordinate. 
Stereochemical non-rigidity has also been observed in some stable, 
five-coordinate complexes of rhodium and iridium, which are similar to 
h d . b db· d · 91,92 t ose escrl e a ove as lnterme lates. If the proton n.m.r. 
16 
spectra of RIr(COD)P 2 , (R = H, CH3; 
P = PPh , PPh Me, PPhMe2) are 3 2 
examined over a wide temperature range it is possible to distinguish 
both intermolecular and intramolecular rearrangement processes. For 
example, the low temperature limiting spectrum of CH 3Ir(COD) (PPhMe2)2
9l 
shows two olefinic resonances, two broad methylene resonances and a 
triplet for the iridium methyl resonance, indicating equal coupling of 
the methyl group to two phosphorus atoms. The methyl groups on each 
phosphine are diastereotopic93 an~ therefore, give rise to a pair of 
multiplets. Such a pattern 1S consistent with the known structure of 
the compound in the solid state94 (Fig. 2.1). As the temperature is 
raised, the separate olefinic resonances gradually coalesce to a single 
resonance at their mean chemical shift. Concomitant averaging of the 
COD methylene signals also occurs. However, the triplet pattern for the 
methyl group is maintained, as are the two separate methyl patterns of 
the phosphines. The observed equivalence of the olefinic protons has, 
therefore, been attributed to an intramolecular, fluxional process 
(Fig. 2.2). Intermolecular ligand exchange processes, which are implied 
by the collapse of the triplet structure of the iridium methyl group and 
the phosphine methyl resonances, occur only at higher temperatures. 
The five-coordinate rhodium complexes, CH 3Rh(NOR)P 2 , 
(P = PPh
2
Me, PPhMe
2
, AsPhMe2) exhibit similar behaviour over a wide 
92 temperature range. In the corresponding COD complexes, CH 3Rh(COD)P 2 , 
however, there is no evidence of intramolecular exchange. Even at 
temperatures where rapid intermolecular exchange of the phosphine ligands 
is evident, the olefinic protons remain inequivalent. It was concluded, 
therefore, that intermolecular and intramolecular exchange are entirely 
independent in these complexes. 
If the m1n1mum temperature at which intermolecular phosphine 
exchange occurs in CH
3
Ir(COD) (PPhMe2)2 (117°C) is compared with that of 
Fig. 2.1. Structure of CH3Ir(COD) (PPhMe 2)2 
C1 
1 . 38~ 
Fig. 2.3. Structure of Rh(but-PP)2C1 
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CH
3
Rh(COD) (PPhMe
2
)2 (-17°C), it is evident that the phosphines are more 
labile in the rhodium complex than in the iridium complex. This effect 
f 1 1 d o d9l , 92 d ° ° is apparently general or a 1 comp exes stu 1e an 1S 1n agreement 
with the greater stability expected for five-coordination in iridium(I) 
complexes. 
In this Chapter, the stereochemical non-rigidity of some five-
coordinate rhodium and iridium complexes of 2-styryldiphenylphosphine (SPP) 
and 9-styryldiphenylarsine (SPA) is discussed and compared with the 
behaviour of the COD and OR complexes referred to above. 
Chlorobis(o-styryldiphenylphosphine)rhodium(I) 
Reaction of Q-styryldiphenylphosphine (SPP) , with the 
95 
cyclooctene complex [Rh(CsH14)2Cl]n gives a yellow complex of empirical 
formula Rh(SPP)2Cl. Higher yields and a purer product are obtained by 
reducing ethanolic, hydrated rhodium(III) chloride (1 mole) with 
formaldehyde in the presence of >2 moles of SPP. Use of triphenylphosphine 
° h O hood ° hOof Rh(PPh
3
)2(CO)Cl,96,97 1n t 1S synt eS1S prov1 es a conven1ent synt eS1S 
+ -
and in the above case a likely intermediate is [Rh(SPP)2(CO)] Cl (vide 
infra) . The complex Rh(SPP)2C1 is monomeric in chloroform and essentially 
non-conducting in nitromethane (Table 2.1). 
The infra-red and Raman spectra of Rh(SPP)2Cl indicate that at 
least one vinyl group is bonded to rhodium in the complex. Bands which 
are characteristic of a free vinyl group are not observed 1n either the 
solution or the solid state i.r. spectrum of the complex. In the solid state 
-1 Raman spectrum there are absorptions at l4S0(m) and l49l(w) cm ,which 
are absent in the Raman spectrum of the free ligand. Such bands show the 
TABLE 2.1 
Physical Properties of eutral, Five-Coordinate 
Rhodium and Iridium Complexes of SPP and SPA 
18 
Complex Molar Conductivity* Cone. (Molar) 
Decomposition 
Point (oC) 
Rh(SPP)2Cl 
Rh(SPA)2 Cl 
Ir(SPP)2 Cl 
Ir(SPA)2 Cl 
17.9 ± 0.3 
8 . 2 
11.1 
7.7 
-4 2.25xlO 
3.19 
2.89 
2.21 
*Measured ln nitromethane at 23°C. 
208-210 
210-214 
256-260 
262-264 
presence of a metal-olefin bond in the complex (see Introduction). The 
appearance of two bands probably arises from either solid-state splitting 
effects or the existence of two or more different rhodium-olefin bonds. 
Unfortunately, the complex is insufficiently soluble in solvents, suitable 
for use in Raman spectroscopy, to determine whether the two bands are a 
result of solid-state splitting effects. The possibility of there being 
two or more different rhodium-olefin bonds 1n the complex 1S considered 
quite 'likely, however, as the structure of the related complex, 
65 Rh(but-PP)2 Cl , has recently been shown by X-ray crystallography to be 
a distorted trigonal bipyramid, in which one olefin is bonded to rhodium 
equatorially, while the other is bonded axially (Fig. 2.3). If the 
structure of Rh(SPP)2Cl is assumed to be similar, two bands at ca. 
-1 1500 cm might be expected. 
Although the i.r. spectrum of Rh(SPP)2Cl shows bands at ca. 
-1 1260 cm , none of these bands can be positively identified as being due 
to the formation of a metal-olefin bond. Absorptions, in this reglon, 
have been used by other authors to establish metal-olefin bond formation 
o 1 0 01 Rh(SPP)2Cl . 60 ,65,77 ln comp exes Slm1 ar to 
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The analogou bromo-complex, Rh(SPP)2 Br , is easily prepared by 
treatment of ethanolic,hydrated rhodium(III) tribromide with formalde-
hyde in the presence of >2 moles of SPP. From a comparison of the far 
l.r. spectra of Rh(SPP)2Cl and Rh(SPP)2 Br , it is possible to asslgn a 
-1 band at 236 cm (nujol) to v(RhCl). This band is absent In the spectrum 
-1 
of Rh(SPP)2Br, for which v (RhBr) appears at 143 cm (nujol). 
Simple calculations based on the crude assumption that the 
-
rhodium-halogen portion of Rh(SPP)2X, (X = Cl , Br ) approximates to a 
diatomic system, and that only the reduced mass alters in passing from 
Cl to Br, give an expected, theoretical, ratio for v (RhBr) 
v(RhCl) of 0.76. 
The value of this ratio using the measured absorption frequencies is 0.61. 
In view of the assumptions made in determining the theoretical values, a 
value of 0.61 is sufficiently close to identify the metal-halogen 
stretching modes. 
The frequencies of metal-halogen stretching modes in transition 
metal complexes are influenced markedly by groups trans to the halogen 
98 
atoms In the complexes. Square planar rhodium(I) complexes containlng 
Cl trans to phosphorus or an olefin give rise to a v(RhCl) 
. 98 99 -1 
absorptlon ' in the range 250-310 cm In five-coordinate complexes, 
100 
this absorption would be expected at a lower frequency. It lS 
reasonable to conclude, therefore, that Rh(SPP)2Cl, which exhibits a 
v(RhCl) absorption at 236 cm- l , may be a five-coordinate rhodium(I) 
complex in which both SPP ligands are chelated via phosphorus and the 
double bond. 
The proton n.m.r. spectrum of SPP shows characteristic aromatic 
resonances at 2.3-3.3T (relative intensity 15) and two doublets at 4.42T 
3 3 ( J H H = 17.5 Hz, relative intensity 1) and 4.83T ( J H H = 11.0 Hz, A X A i 
relative intensity 1) (Fig. 2.4). These have been assigned to the protons 
: . : : . : : . : : . : : . : : . : I : 
7T 
Fig. 2.4. Proton N.M.R. Spectrum of £-Styryldiphenylphosphine. 
(COC1 3) 
(b) 31 p Noise-Oecoup1ed Spectrum 
: .".,1,: :.:,: I : : .: : . : : . : 
2 7T 
(a) Normal Spectrum 
Fig. 2.5. Proton N.M.R. Spectrum of Rh(SPP)2C1 . (C0 2C1 2) 
HX and HM respectively on the basis of the magnitude of the vicinal 
coupling constants lOl the larger coupling is generally associated 
20 
with a trans vicinal coupling while the smaller is associated with a cis 
vicinal coupling. (A geminal coupling [2JH H = 1.3 Hz] is also observed X M 
in both doublets.) Thus, the pattern of resonances is typical of an AMX 
spin system (2JH~X « 0HX - 0HMl, with the A proton (HAl lying beneath 
the aromatic resonances. Long range coupling of the 3l p nucleus with HX 
5 has also been observed, but this is rather small ( J pH 
X 
= 1.1 Hz).lOl 
The proton n.m.r. spectrum of Rh(SPP)2Cl 1n CD 2C1 2 shows, 
1n addition to the aromatic resonances at 1.8-3.lT (relative intensity 30), 
a broad triplet at 5.84T (relative intensity 2) and two broad doublets 
at 6.70T and 6.97T (total relative intensity 4) (Fig. 2.5a). The 
upfield shift of these resonances compared with those of free SPP 
suggests that both double bonds are coordinated. Thus, the n.m.r. data 
support the conclusion that Rh(SPP)2Cl is a five-coordinate rhodium(I) 
complex containing two chelated SPP ligands. 
The broad nature of the vinyl resonances in the above spectrum 
d I , f h ' 1 ' h 3l p , 1S ue to strong coup 1ng 0 t e v1ny protons W1t two nucle1. 
The 3l p noise-decoupled spectrum 1S much sharper (Fig. 2.5b) and allows 
assignment of the triplet to the a-vinyl proton (HA) and the two 
doublets to the two 8-vinyl protons (HM, HX)' These assignments have 
been verified by proton spin-decoupling experiments. Assignment of 
the two doublets to particular 8-protons is again based on the magni-
tude of the vicinal coupling constant. This places HM at 6.70T 
3 Hz.) 3 ( J H H ~ 7 and HX at 6.97T ( J H H ~ 11 Hz.) . It should be noted A I A X 
that the upfield shift of HX is greater than that of H . M This effect 
is generally observed in transition metal complexes containing SPP and 
has been attributed to an unsymmetrical positioning of the metal atom 
in relation to the double bond. 52 
21 
The fact that the vinyl resonances are considerably sharpened 
on decoupling of the 3lp nuclei suggests that both vinyl groups are 
either stereochemically equivalent and rigid within the complex or 
stereochemically inequivalent but undergoing a rapid rearrangement 
such that an "average" signal only is obtained. 
* If it is assumed that Rh(SPP)2CI has a trigonal bipyramidal 
structure, there are eighteen possible isomers for the complex. 
These arise from different stereochemical arrangements of ligands ln 
the trigonal bipyramid and the ability of the vinyl group of SPP to 
become coordinated to a metal in two mutually perpendicular orienta-
** tions (Fig. 2.6). The latter effect gives rise to three or four 
isomers of each stereochemical arrangement of ligands, depending on 
the symmetry of the arrangement (Fig. 2.7). 
The possibility of a rigid structure for Rh(SPP)2CI requlres 
that only one isomer be isolated from the preparation of the complex. 
This would be rather fortuitous ln Vlew of the structural similarity 
of many isomers. 
Although the possibility of Rh(SPP)2CI being stereochemically 
rigid in solution still cannot be completely ruled out, stereochemical 
* It is suggested that a trigonal bipyramidal arrangement of ligands ln 
Rh(SPP)2CI is more likely than the square pyramidal alternative as 
the complexes, Rh(but-PP)2CI and CH3Rh( OR)P 2 , (P = PPh3 , PPh 2Me, 
PPhMe 2, AsPhMe 2), which are similar to Rh(SPP)2CI, all have trigonal 
b ' 'd I 65,92 
** 
lpyraml a structures. 
The two mutually perpendicular orientations of the vinyl group in 
complexes of this nature have been described by Truter. 53 They are 
analogous to the "planar" and "perpendicular" orientations of an 
olefin in a metal-olefin complex (see p.5). Drieding models of 
trigonal bipyramidal structures of Rh(SPP)2CI show that both orienta-
tions of the coordinated vinyl groups are feasible. 
........ ..... . ~p 
,'\ 
...... ....... ............. Rh 
0" 
............... ... P 
OJ" 
~ 
Fig. 2.6. Mutually Perpendicular Orientations of the 
Vinyl Group in Rh(SPP)2Cl 
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Fig . 2 . 7 . Isomers of RhCSPP)2Cl 
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non-rigidity has been observed in many complexes similar to 
Rh(SPP)2Cl,65,92 and thus it is reasonable to expect a dynamic structure 
for Rh(SPP)2Cl also. Variable temperature n.m.r. data on the complex, 
Ir(SPA)2Cl, (SPA = 2-styryldiphenylarsine) which will be presented 
later in this Chapter, further support this expectation. 
From the pattern of vinyl resonances in the n.m.r. spectrum 
of Rh(SPP)2Cl , it is obvious that the only possible mechanisms which 
could explain non-rigidity in this complex are those which invoke a 
rapid equilibration of isomeric forms of the complex. Several such 
mechanisms are listed below . 
1. Intramolecular Exchange Processes Involving a Four-Coordinate 
Intermediate 
(a) Interchange of the vinyl groups between free and coordinated states 
(Eqn. 2.2). 
(b) Interchange of phosphine groups between free and coordinated states 
(Eqn. 2. 3) . 
(c) Dissociation of chloride ion (Eqn. 2.4). 
2. Intramolecular Exchange Processes in which the Five-Coordinate 
Nature of the Complex is Maintained 
(a) Rapid exchange of each vinyl group between two mutually perpendicular 
orientations (Eqn. 2.5). In these two orientations the vinyl group is 
constrained to coordinate to rhodium via opposite sides of the olefin-
plane. That is, the olefin does not merely rotate about the metal-olefIn 
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aXIS In a manner similar to that proposed by Cramer, it tumbles about 
an axis defined by the a-vinyl carbon and the adjacent carbon atom of 
the aromatic rIng. Such a mechanism implies that dissociation of the 
metal-olefin bond must occur. To distinguish this mechanism from l-(a), 
it is proposed that the tumbling motion proceeds via an intermediate 
p 
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Cl Cl Cl 
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+ + . .. (2. 7) 
Cl 
(p---J = SPP) 
Note: For convenlence, each equation shows the interconversion of only 
two isomers of Rh(SPP) 2Cl. It is likely, hO'flever, that each 
equilibrium gives rise to several isomers of the complex. 
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In which the a-vinyl carbon atom becomes bonded to the metal atom VIa 
a a-bond. In this way, the olefin is never completely detached from 
the metal and thus, the mechanism is different from l-(a). 
(b) Fluxional behaviour of the complex as illustrated in Eqn. 2.6. 
3. Intermolecular Exchange of the SPP Ligands 
This process may be considered on an extension of l-(a) or 
l-(b) (Eqn. 2.7). 
The possibility of intermolecular exchange may be immediately 
. 103 31 
e lirninated, as coup ling of the vlny 1 protons to both Rh and P IS 
evident in the n.m.r. spectrum of Rh(SPP)2 Cl at room temperature. 
To establish if the observed equivalence of the vinyl groups 
IS, In fact, due to a rapid equilibration of isomeric forms of the 
complex, the n.m.r. spectrum of the complex was studied over the 
temperature range _78° to +32°C. When the solution was cooled to - 78°C, 
the vinyl resonances were broadened, but their resonance frequencies 
remained unchanged. This effect does not permit distinction between 
rigid and dynamic structures for the complex, as the broadening may be 
due to either viscosity effects or a slower equilibration of the 
isomers. However, the fact that the vinyl resonance frequencies do not 
shift, as the temperature is lowered, suggests that equilibrium l- (a) , 
if it occurs at all, must occur through a very low concentration of the 
four-coordinate intermediate. If this intermediate were present in an 
appreciable concentration, the "average" vinyl resonances would be 
expected to shift to higher field as the temperature i s lowered and th e 
concentration of this intermediate decreased. Such a phenomenon has 
been observed In the variable temperature n.m.r. spectra of 
24 
Rh(but-PP) Cl, (but-PP = n-but-3-enyldiphenylphosphine)65 which is 
2 -
believed to undergo a rapid rearrangement via an equilibrium similar to 
l-(a). When a solution of Rh(but-PP)2Cl is cooled to 8°C, the olefinic 
resonances shift noticeably to higher field, suggesting that the con-
centration of the olefin in the coordinated state is increasing. The 
tendency for the vinyl groups to dissociate from rhodium in Rh(SPP)2 Cl 
must therefore be considerably less than that observed for the olefin 
groups ln Rh(but-PP)2 Cl . 
Although lower temperatures may be attained uSlng 
difluorochloromethane and difluorodichloromethane, these solvents 
proved to be unsuitable for the n.m.r. study of Rh(SPP)2Cl, as they 
gave rlse to exceedingly broad spectra at temperatures below -80°C. 
This is undoubtedly due to the high viscosity of the solution at these 
102 temperatures. 
The possibility of equilibrium l-(b) contributing to the 
rapid equilibration of isomers of Rh(SPP)2Cl was investigated by 
studying the effect of added methyliodide on the conductivity of 
Rh(SPP)2C1. If process l-(b) were occurring in solution, the four-
coordinate intermediate containing a free phosphine (still linked to 
the metal atom via the double bond) would be expected to react with 
methyliodide to produce the corresponding methylphosphonium salt 
(Eqn. 2.8). This would result in an increased conductivity for the 
+ 
P PMe I 
~ ,,------
P P 
( / ( / \ Rh Mel Rh 
-- > . .. (2.8) 
/ / 
Cl Cl 
(P~1I 
= SPP) 
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comple'. No change in the conductlvity was observed, however, even after 
refluxing a nitromethane solution of Rh(SPP)2C1 with methyl iodide for 
l~ hours. Thus, process l-(b) is not considered to occur in Rh(SPP)2 C1 . 
The conductlvl ty of Rh(SPP)2C1 (Table 2.1) indicates that 
dissociation of chloride ion [Equl1ibrium l-(c)] occurs to a slight 
extent in nitromethane. This is expected to persist to a lesser degree 
in the less polar solvent, CD2CI 2 , and could, therefore, account for 
the rearrangement of vinyl groups ln Rh(SPP)2C1. This mechanlsm will 
be discussed in more detail later. 
An equilibrium similar to 2-(a) has been proposed to explain 
the appearance of isomers of M(CO)4(SPP), (M = Mo, W).103 The n.m.r. 
spectra 0 these complexes in CD2C1 2 show just one set of vinyl 
resonances which broaden only slightly when the solutions are cooled 
to -80°C. Yet, their i.r. spectra ln solution exhibit five or more 
v(CO) bands. Thus, two or more rapidly equilibrating isomers must be 
present in Solutlon. It is difficult to envisage isomers for these 
octahedral complexes other than those arlsing out of two mutually 
perpendicular orientations of the double bond. If this equllibrium 
Occurs in M(CO)4(SPP) it is feasible that a similar process could 
account for the rapid equilibration of isomers of Rh(SPP)2C1. 
Processes, similar to 2-(b), have been identlfied ln the 
91 92 
complexes, CH3Ir(COD)P2 , and CH3Rh(COD)P2 , (P = PPh2Me, PPh~le2) 
and thus, Rh(SPP)2Cl, which is structurally analogous to these complexes, 
might be expected to exhibit similar non-rigidity. 
In order to dlscriminate further between possibillties l-(a), 
l-(c), 2-(a) and 2-(b), a number of complexes similar to Rh(SPP)2Cl 
have been prepared and thelr n.m.r. spectra examined in some detail. 
The results, whlch are now presented, provlde substantial eVldence for 
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a non-rigid structure for Rh(SPP)2C1 and suggest that this non-rigidity 
is best explained in terms of equilibria l-(a), 2-(a) and 2-(b). 
Chlorobis(£-styryldiphenylarsine)rhodium(I) 
The yellow complex, Rh(SPA)2Cl, (SPA = Q-styryldiphenylarsine) 
can be prepared either by reaction of SPA with the cyclooctene complex 
[Rh(CSH14)2Cl]n' or by reducing ethanolic, hydrated rhodium(III) 
chloride (1 mole) with formaldehyde in the presence of >2 moles of SPA. 
The complex, Rh(SPA)2C1, is monomeric in chloroform and non-conducting 
in nitromethane (Table 2.1). 
The i.r. and Raman spectra of Rh(SPA)2Cl (CHC1 3, nujol) 
show that free vinyl groups are absent in the complex. Bands 
-1 
are observed at 14S1(m) and l492(w) cm in the solid state Raman 
spectrum,both of which may be considered as evidence of coordination of 
the vinyl groups to rhodium. 
The proton n.m.r. spectrum of SPA in CDC1 3 shows aromatIC 
resonances between 2.0 and 3.0T (relative intensity 15) and doublets 
* 3 at 4.31T (relative intensity 1, J H H A X 
= 17.5 Hz ) and 4.7lT (relative 
3 intensity 1, J H H A M 
= 11.0 Hz). The latter two resonances are assigned 
to HX and HM respectively, on the basis of the magnitude of the 
vicinal coupling constants. The a-vinyl proton, HA, is situated 
beneath the aromatic resonances. Geminal coupling of the two 8-vinyl 
protons is apparent (2 J gem = 1.3 Hz). 
The proton n.m.r. spectrum of Rh(SPA)2Cl (Fig. 2.S) is very 
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similar to the P decoupled spectrum of Rh(SPP)2Cl. In addition to 
characteristic aromatic resonances at 1.7-3.0T (relative intensity 28), 
* HA, HI and HX refer to the vinyl protons as shown In Fig. 2.4. 
: ! : ! I : 
2 aT 
Fig. 2.8. Proton N.M.R. Spectrum of Rh(SPA)2C1 . (C0 2C1 2) 
, 
! : I : 
2 aT 
Fig. 2.9. Proton N.M.R. Spectrum of Ir(SPP)2C1 . (COC1 3) 
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sharp signals are observed at S.l2T (t.,relative intensity 2), 6.3ST 
(d., relative intensIty 2) and 6.93T (d., relative intensity 2). These 
are indicative of the coordination of both double bonds and suggest 
that both vinyl groups are apparently equivalent, within the n.m.r. 
time scale. 
Chlorobis (o-styryldiphenylphosphine) iridium(I) 
Reaction of SPP (2n moles) with the cyclooctene complex, 
104 [Ir(CSH14)2Cl]n (1 mol~,affords a white complex of empirical formula, 
Ir(SPP)2C1. Attempts to prepare the same complex by a formaldehyde 
reduction of iridium trichloride trihydrate, in the presence of SPP, 
were unsuccessful. 
The complex, Ir(SPP)2Cl, is monomerIC In chloroform and non-
conducting in nitromethane (Table 2.1). The i.r. and Raman spectra 
of the complex (CHCl 3 , nujol) indicate the absence of free 
vinyl groups in the complex. Bands at l47S(m) and 1490(w) -1 cm are 
observed in the solid state Raman spectrum, which suggest that the 
vinyl groups are coordinated to iridium. 
The proton n.m.r. spectrum of Ir(SPP)2Cl (Fig. 2.9) is 
quite complex and is improved only slightly by 31 p noise decoupling. 
The signals observed are upfield of the normal resonances of free SPP 
(Table 2.2) and thus support the conclusion that the vinyl groups are 
coordinated to iridium. The complex nature of the spectrum may be 
explained by the presence of a number of stereochemically rigid Isomers, 
analogous to the non-rigid isomers postulated for Rh(SPP)2Cl (Fig. 2.7). 
Attempts to separate the isomers by chromatography were unsuccessful. 
Chlorobis(Q-styryldiphenylarsine)lridium(I) 
The complex, Ir(SPA)2Cl may be prepared by the reactIon of 
The whIte, crystalline 
Compound 
Sppc 
SPAc 
Rh(SPP)2 C1e 
Rh(SPA)2 C1e 
TABLE 2.2 
N.M.R. Spectra of Neutral, Five-Coordinate Rhodium and Iridium Complexes of SPP and SPAa 
Aromatic 
Resonances (T) 
2.3-3.3 (15) 
2.0-3.0 (15) 
1.8-3.1 (30) 
1.7-3.0 (28) 
HA 
d 
d 
5. 84 br. t . (2) 
5.12 t. (2) 
Vinyl Resonances (T)b 
HM 
4.83 d. of 
doublets (1) 
4.71 d. of 
doublets (1) 
6.70 br .d. (2) 
6.35 d. (2) 
H 
X 
4.42 apparent 
d. of doublets 
4.31 d. of 
doub 1 ets (1) 
6.97 br.d. (2) 
6.93 d. (2) 
Coupling Constants (Hz) 
3 
= 11.0, 3 J H H J H H = 17.5, A M A X 
2J = 1.3, 5 = 1.1 J pH gem X 
3 3 J H H = 11.0, J H H = 17.5, A M A X 
2J = 1 .3 gem 
3 3 
:::: 11 J H H :::: 7 , J H H , A M A X 
2J 4 :::: 4.8 f :::: 1.0, J pH gem X 
3 3 J H = 7.8, J H = 11.7 
HA M HA X 
2J :::: 1.0 gem 
(con tinued) 
N 
00 
TABLE 2.2 (continued) 
Compound Aromatic Resonances (T) llA 
Vinyl Res onances (T)b 
HM HX 
Ir(SPP)2 ClC 1.8-3.1 (28) 6 .1 br . m. , 6 . 6 br .m., 7.5 br .m., 7.9 br .m., (6) 
Ir(SPA)2 C1C 1.3-2 . 8 (28) 
r--__________ A. ________ __ 
'5 . 2 m., 6 .1 m., 6 . 4 m., 7.3 m., (6) 
a The numbers in parentheses refer to the total relative intensity of the preceding resonance or group of 
resonances . The accuracy of each chemical shift is ± 0.1 p.p.m. (very broad resonances or mu1tip1ets) and 
± 0.01 p.p.m. (sharp resonances). 
b HA, HM and HX refer to the vinyl protons as shown in Fig. 2 . 4. 
c Measured in CDC1 3 at 32°C. 
d Obscured by the aromatic resonances. 
e Measured in CD 2C1 2 at 32°C. 
f Determined by proton decoupling. 
N 
I.D 
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product isolated is monomerlC ln chloroform and non-conducting ln 
nitromethane (Table 2.1). 
-1 The observation of bands at l478(m) and l490(w) cm ln the 
solid state Raman spectrum of the complex, suggests the vinyl ~roups are 
coordinated to iridium. No absorptions due to free vinyl ~roups are 
observed in either the solution or the solid state vibrational spectra 
of the complex. 
The proton n.m.r. spectrum of Ir(SPA)2Cl is complex and agaln 
suggests that several stereochemically rigid isomers of the complex are 
present in solution at room temperature (Fig. 2.10) (Table 2.2). 
The essential difference between the rhodium complexes RhL 2Cl, 
(L = SPA , SPP) and the iridium complexes IrL2Cl, therefore, appears to 
be that the iridium complexes exist as a number of stereochemically 
rigid isomers at room temperature, while the rhodium complexes exist 
as a number of rapidly interconverting isomers. Thus, it might be 
expected that the n.m.r. spectra of the iridium complexes, determined 
under conditions which favour rapid interconversion of the lsomers, 
should resemble the room temperature spectra of the analogous rhodium 
complexes. Accordingly, the n.m.r. spectrum of Ir (SPA) 2Cl was 
determined at elevated temperatures (Fig. 2.10) . At 135°C, three viny l 
resonances of equal intensity were observed at 5.3 7T (br.), 5.35 T (br. ) 
and 7.02T (d.). As expected, this spectrum resembles that of Rh(SPA) 2Cl. 
It is evident, however, that lnterconversion of the isomers of Ir(SPA)2 Cl 
is not rapid enough at this temperature to cause their separate vinyl 
resonances to coalesce completely to a pattern identical with that 
observed for Rh(SPA)2C1. The sharp nature of the slgnal at 7 .02 T can 
C. 
B. 
I t ! 
Fi g. 2.10 . 
I , I 1.( I " I , I 
' t ' I, I ' t ' ,I 
lOT' 
ariab1e Temperature Proton N.M.R. Spectra of Ir(SPA)2C1 
(Spectrum A was Measured in CDC1
3 
Spectra B-D were measured in C
6
D
S
Br). 
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be accounted for in terms of a rapid exchange of one 8-vInyl proton 
(probably HX) between isomeric sites which have closely similar magnetic 
environments. Evidently, the chemical shift difference between the 
possible magnetic environments for each of the other vinyl protons is 
greater, and thus complete coalescence of their resonances does not 
occur. 
By heating a solution of the complex, Ir(SPA)2Cl, it is, there-
fore, possible to induce a rapid equilibration of isomeric forms of the 
complex. As the n.m.r. spectrum of the complex, determined at this 
high exchange rate, is similar to that of Rh(SPA)2Cl at room temperature, 
it is reasonable to conclude that rapid rearrangement processes also 
operate in Rh(SPA)2Cl at room temperature. 
It is not surprising that Ir(SPP)2C1 and Ir(SPA)2C1 are 
stereochemically more rigid than the corresponding rhodium complexes. 
Other authors lOS,106 have b d h 1 f h th O d . o serve t at comp exes 0 t e Ir tranSI-
tion series are generally more rigid than their analogues of the second 
and first. For example, the complex, (n-CSMeS)Rh(C2H4)2' (CSMe S = 
pentamethylcyclopentadienyl) is fluxional in solution above O°C; the 
analogous iridium complex, (n-CSMe S)Ir(C2H4)2' however, shows no 
evidence of stereochemical non-rigidity in solution even when heated to 
llO°C. 4l 
From a comparIson of the conductivities of the complexes ML 2Cl 
(M = Rh, Ir; L = SPA, SPP) (Table 2.1) it is obvious that dissociation 
of chloride ion [Equilibrium l-(c)] does not explain the observed 
equivalence of the vinyl groups In Rh(SPP)2Cl and Rh(SPA)2Cl. Although 
the structure of Ir(SPP)2Cl is apparently quite rigid at room temperature, 
the degree of dissociat i on of chloride ion In this complex(A 
cm
2 
mOle-I) is greater than that in Rh(SPA)2Cl (A = 8.2 n- l 
= 11.1 0 - 1 
2 -1 
cm mole ) 
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which exhibits extensive non-rigidity at the same temperature. Thus 
there is no correlation between the degree of chloride ion dissociation 
[Equilibrium l-(c)] and the degree of non rigidity in the complexes. 
By process of elimination, equilibria, l-(a), 2-(a) and 2-(b), 
are left as possible explanations of the observed equivalence of the 
vinyl groups in the n.m.r. spectra of Rh(SPP)2CI and Rh(SPA)2CI. All 
three equilibria have been used to explain the fluxional behaviour of 
complexes similar to Rh(SPP)2Cl and Rh(SPA)2Cl and are, therefore, 
reasonable explanations of the stereochemical non-rigidity of the latter 
two complexes. Each equilibrium invokes an intermediate species in 
which the n-component of the metal-olefin bond is broken or weakened. 
As Rh(SPP)2Cl and Rh(SPA)2Cl tend to undergo intramolecular exchange 
processes more rapidly than Ir(SPP)2CI and Ir(SPA)2Cl, it may be con-
cluded that the n-component of the metal-olefin bond is more susceptible 
to weakening in the rhodium complexes than in the iridium complexes 
(see Introduction). For all metals (except silver9 an~ in some cases, 
platinum12) the stability of a metal-olefin bond 1S determined 
mainly by the strength of the n-component of the bond. Thus, for the 
ser1es of complexes, ML 2Cl, (M = Rh, Ir; L = SPP, SPA) rhodium-olefin 
bonds are apparently weaker than iridium-olefin bonds. 
Similar conclusions have recently been reported for the 
complexes, [M(COD)CI]2 99 and [M(C2H4)2Cl]285, (M = Rh, Ir). Although 
[Rh(COD)CIJ 2 is apparently more stable (in air and in SOlution) than 
107 [Ir(COD)Cl]2 ,the i.r. spectra of the complexes indicate stronger 
. 99 34a 
metal-olefin bonding for iridium than for rhod1um.' There is no data 
but their i.r. spectra again suggest that the iridium-olefin bond is 
stronger than the rhodium-olefin bond. 
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It is Interesting to note that platinum(II) and palladium(II) , 
which are isoelectronic with iridium(I) and rhodium(I) respectively, 
exhibit a similar effect in regard to the strength of their inter-
action with olefins. 12 That is, platlnum(II)-olefin bonds are generally 
more stable than palladium(II)-olefin bonds. This has been explained 
by considering the energy difference (6E) in the highest occupied mole-
cular orbital (H.O.M.O.) and the lowest unoccupied molecular orbital 
(L.U.M.O.) of the metal-olefin bonding system. 12 6E has been estimated 
to be greater for platinum(II)-olefin complexes than for palladium(II)-
olefin complexes. A transition from the H.O.M.O. to the L.U.M.O. is, 
therefore, less likely to occur for platinum(II) than for palladium(II) . 
As decomposition of the complex is expected to occur through such a 
transition, platinum(II)-olefin bonds are considered to be more stable 
than corresponding palladium(II)-olefin bonds. 
The greater spatial extension of the d-orbitals of platinum(II) 
relative to palladium(II) has also been used to explain the greater 
metal-olefin bond strength of platinum(II) .12 If both metals form bonds 
of approximately equal length, with olefins, the d-orbitals of 
platinum(II) should overlap with the olefin antibonding n*-orbitals to 
a greater extent than palladium(II), and thereby give rise to a metal-
olefin bond which is relatively more stable. 
In VIew of the electronic similarity of the Pt(II)/Pd(II) and 
Ir(I)/Rh(I ) systems, factors, similar to those described above may 
also explain the greater strength of iridium(I)-olefin bonds relatIve to 
that of rhodium(I)-olefin bonds. 
The decomposition point data (Table 3.1) for the complexes 
ML 2Cl, (M = Rh, Ir; L = SPP, SPA) indicate that the iridium complexes 
are more stable than the corresponding rhodium complexes. This reflects 
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the general trend of iridium(I) to form five-coordinate complexes which 
are more stable than the corresponding rhodium(I) complexes. This effect 
is also evident in the relative conductivities of the complexes 
(Table 3.1). Dlssociation of chloride ion, with the concomitant forma-
tion of a four-coordinate cation, is more extensive in the rhodium(I) 
complexes than in the corresponding iridium(I) complexes. 
Although the complexes show dissociation of chloride ion to a 
varylng degree they show no evidence of dissociation of the metal-
phosphine bond. This contrasts with the behaviour of RM(diene)P
2
,91,92 
(R = H, CH3 ; M = Rh, Ir; diene = COD, NOR; P = tertiary phosphine or 
arsine), all of which undergo intermolecular phosphine exchange. 
Indeed, phosphine exchange occurs exclusively in CH3Rh(COD)P2, 
p I = PPh 2Me , PPhMe 2 , AsPhMe 2); there is no sign of fluxional behaviour 
of the diene. The complexes, ML 2Cl, (M = Rh, Ir; L = SPP, SPA), also 
show little or no tendency for the metal-olefin bond to dissociate in 
solution. Certainly, this tendency is lower in these complexes than in 
-1 The latter complex exhibits a band at 1638 cm in its 
l.r. spectrum (CH 2C1 2) due to the v(C=C) mode of a free olefin, while the 
l.r. spectra of ML 2Cl , ln solution, show no slgn of free vinyl groups. 
Variable temperature n.m.r. studies on Rh(SPP )2C l and Rh(but-PP)2Cl 
also indicate that a four-coordinate species containing a free olefin 
is present to a much larger extent in Rh(but-PP)2Cl than in Rh(SPP)2Cl 
(see p. 24). It has been shown that the tendency for ligands, like 
SPP and SPA, to form stable metal chelate complexes is greater than 
that for similar ligands containing long aliphatic side-chains (e.g. 
but-PP and pent_pp).66,68 This has been attributed to two factors. 
Firstly SPP and SPA are sterically constrained for favourable chelation 
to a metal atom (see Introduction) and secondly, SPP and SPA have an 
electronegative substituent (- the phenyl group linking the olefinic 
3S 
group and the Group V donor atom) adjacent to the double bond; such 
substituents are known to stabilise metal-olefin bonds. It 1S 
not surprising, therefore, that SPP and SPA form chelate complexes 
with rhodium(I) and iridium(I) which are less susceptible to olefin or 
phosphine dissociation than analogous complexes formed with but-PP or 
monodentate phosphines. 
Reactions of Rh(SPP)2Cl and Rh(SPA)2Cl 
When carbon monoxide is bubbled through a solution of Rh(SPP)2Cl, 
a pale-yellow crystalline product of empirical formula, Rh(SPP)2(CO)Cl is 
obtained. 
The i.r. spectrum of the complex (CHC1 3 , nujol) shows no 
evidence of free vinyl groups. This is 1n contrast to the related 
complex, Rh(but-PP)2(C~O, in which both unsaturated phosphine ligands 
are coordinated via phosphorus only, in solution. 6S The CO stretching 
-1 frequency at 2039 cm (CHC1 3 , nujol) is similar to that observed for 
cationic rhodium(I) carbonyl complexes (Table 2.3). As Rh(SPP)2(CO)Cl 1S 
-1 2 -1 0 
a 1:1 electrolyte in nitromethane (A = 61.8 D cm mole at 2S C), it 
is concluded that the complex is a five-coordinate, ionic complex of 
rhodium ( I ) (F i g. 2. 11) . 
The proton n.m.r. spectrum of the complex in CD 2C1 2 shows, 1n 
addition to aromatic resonances at 1.4-3.1T (relative intensity 28), 
two broad vinyl resonances at S.30T (relative intensity 2) and 6.44T 
(relative intensity 4). The upfield shift of the vinyl resonances, 
compared with those of free SPP suggests that both vinyl groups are 
coordinated; their broad nature is attributed both to coupling with 
103 Rh and 31 p nuclei and some form of non-rigidity in the complex. 
A full descript10n of the n.m.r. spectrum of the cation, [Rh(SPP)2(CO)]+, 
will be presented in the next Chapter. 
pPh2 
Ph P 
2 
~Rh+ 
CH /' ~ CH2 
CO 
CH 
II Cl 
CH2 
+ -Fig. 2 . 11 . Proposed Structure of [Rh(SPP)2(CO)] Cl 
ote: Although only one isomer of the complex is 
+ -shown, it is expected that [Rh(SPP)2(CO)] Cl 
exists as a number of isomers, similar to 
those depicted in Fig. 2.7. 
TABLE 2.3 
The Carbonyl Stretching Frequencies of Some CationIc 
a Rhodium(I) Carbonyl Complexes 
Complex 
+ -[Rh {(~- Ph2PC6h4)3P}(CO)] Cl 
[Rh{PhP(CH2CH 2CH 2PPh 2)2} (CO)]+PF6-
+ -[Rh(1,3-butadiene) (PPh3)2(CO)] CI04 
Rh(but-PP)2(CO)Cl c 
+ -[Rh(SPP)2(CO)] Cl 
+ [Rh(SPA)2(CO)] Cl 
a Measured in Ch2C1 2 solution. 
-1 
v (CO) (cm ) 
2005 
2026 
2020 
{
2050b 
1999 
1972 
2039 
2038 
Reference 
108 
109 
110 
110 
65 
b The two v(CO) bands observed are believed to be due to the presence 
of isomers of the complex. 
c 
+ -The complex, [Rh(SPP)2(CO)] Cl is unstable In solution and 
readily loses CO on standing. The expulsion of CO is marked by the 
disappearance of the v(CO) band in the i.r. spectrum, and may be 
accelerated by either heating the solution or saturating the solution 
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with nitrogen. The decarbonylated product IS Rh(SPP)2Cl and, thus, the 
addition of CO is reversible. 
The complex can also be prepared (in lower yields) by treat-
- III 
ment of [Rh(CO)2C12] with SPP. A by-product of the reaction IS 
I I 
[RhC12(CO){~-CH(CH3)C6H4PPh2 }]2 which is formed In increasIng yields If 
the reaction tIme IS prolonged (see Chapter 4). 
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If 1 mole of SPP is allowed to react with [Rh(CO) Cl] 112,113 
2 2 
+ the cation, [Rh(SPP )2(CO)] , may be isolated as its dichlorodicarbonyl-
rhodate(I) salt (Eqn. 2.9). 
... (2.9) 
This is a 1:1 electrolyte in nitromethane (A -1 2 -1 = S8.9 0 cm mole at 
23°C) and shows three v(CO) bands in its i.r. spectrum at 2060, 2039 
-1 -1-1 
and 1980 cm . The bands at 2060 cm and 1980 cm show the presence 
of the dichlorodicarbonylrhodate(I) anion in the complex,111,114,11S 
and the band at 2039 cm- l is characteristic of the cation, [Rh(SPP)2(CO)]+. 
The complex shows an ' n.m.r. spectrum identical with that of 
[Rh(SPP)2(CO)]+Cl- and undergoes reactions characteristic of the cation 
+ +-[Rh(SPP)2(CO)] . For example, treatment of [Rh(SPP)2(CO)] [Rh(CO)2C1 2] 
with silver tetrafluoroborate or sodium tetraphenylborate in ethanol, 
+ - - - -leads to the formation of [Rh(SPP)2(CO)] A , (A = BF4 ' BPh4 ) 
(see Chapter 3). 
In the reaction of [Rh(CO)2Cl]2 with SPP, there 1S no evidence 
for the formation of [Rh(SPP) (CO)Cl] . Other authors have experienced 
similar difficulty in obtaining mono(chelating phosphine) complexes 
of this nature. Cullen l16 has treated [Rh(CO)2Cl]2 with two equivalents 
of ffos or f 6fos, (ffos = 1, 2-bis(diphenylphosphino)tetrafluoro-
cyclobutene, Ph 2PC4F4PPh 2; f6fos = 1,2-bis(diphenylphosphino)hexa-
fluorocyctopentene, Ph 2PC SF6PPh 2) in an effort to isolate the complexes, 
[Rh(ffos)(CO)C l] and [Rh(f6fos) (CO)Cl]. However, the products isolated 
were the bis(ditertiary phosphine) ionic complexes , 
+ - + -[Rh(ffos)2] [Rh(CO)2C1 2] and [Rh(f6f os )2] [Rh(CO)2C12] . Similarly, 
11 7 Mague found that when he treated [Rh(CO)2Cl]2 with two equ1valents 
of 1,2-bis(diphenylphosphino)ethylene (PP) , the complex, 
The complex Rh(SPA)2Cl reacts with carbon monoxide to form 
+ -[Rh(SPA)2(CO)] Cl. This IS a 1:1 electrolyte in nitromethane 
-1 2 -1 (A = 59.7 n cm mole at 23°C) and exhibits a v(CO) band in the 
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-1 i.r. spectrum at 2038 cm (CHC1 3 , nujol). The complex readily loses 
CO on standing in air to form Rh(SPA)2Cl, and thus the reaction of 
Rh(SPA)2Cl with CO is reversible. The n.m.r. spectrum of the complex 
in C0 2C1 2 shows, in addition to aromatic resonances between 1.6 and 
3.1T (relative intensity 28), signals at 5.l2T (br.t., relative 
intensity 2) and at 6.70T (d., relative intensity 4), attributable to 
the a- and the two S-vinyl protons, respectively. Again, a detailed 
analysis of the n.m.r. spectrum will be delayed till the next Chapter. 
Neither Ir(SPP)2Cl nor Ir(SPA)2Cl reacts with carbon monoxide. 
This lower reactivity of the iridium complexes compared with that of 
Rh(SPP)2Cl and Rh(SPA)2Cl is also observed for the reaction of the 
complexes with tertiarybutylisocyanide t ( BuNC). While neither iridium 
complex reacts with t Bu C, both rhodium complexes react readily to form 
t t 
a mixture of complexes [probably Rh(L)2( BuNC)Cl and Rh(L) ( BuNC)2Cl, 
(L = SPP, SPA)]. Bands are observed in the i.r. spectra of both products 
at 2170 cm- l , which are assigned to the C= stretching frequency of 
. t 118 119 
coordInated BuNC. ' Characterisation of the complexes, however, 
is not possible because they are unstable and not easily separated. 
Conclusion 
Although the five-coordinate rhodium(I) complexes, Rh(SPP )2C l 
and Rh(SPA)2C1, exhibit extensive non-rigidity in solution at room 
temperature, the analogous iridium(I) complexes, Ir(SPP)2Cl and 
Ir(SPA)2 Cl , are stereochemically rigid under the same conditions and 
must be heated strongly before similar non-rigidity becomes apparent. 
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The non-rigidity of these complexes arIses exclusively from intramole-
cular rearrangement processes and, thus, reflects the strong chelating 
tendencies~of SPP and SPA. The reluctance of the iridium complexes to 
undergo fluxional behaviour is in agreement wIth the general observa-
tion that complexes of third row transition metals are more rigid than 
. 105 106 the analogous complexes of the fIrst and second row metals, , 
and is attributed to the greater strength of iridium-olefin bonds 
relative to that of rhodium-olefin bonds. 
The complexes, and their reactions, illustrate the tendency 
of iridium(I) to form five-coordinate complexes which are more stable 
and less reactive than the corresponding rhodium complexes. 
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Experimental 
Unless otherwise stated all reactions were carried out In 
an atmosphere of dry nitrogen. 
RhodIum and iridium salts were obtained from Johnson and 
Matthey Co., Wembley, England. Ether and tetrahydrofuran were distilled 
from lithium aluminium hydride and stored over sodium. All other 
solvents used were of A.R. purity and were dried over molecular sieves 
before use. 
Microanalyses were carried out by the Research School of 
Chemistry and the J ohn Curtin School of Medical Research at the 
Australian National University. Molecular weights were measured In 
chloroform solutions at 25°C on a vapour pressure osmometer (Model 30lA, 
Mechrolab) . Decomposition points were measured on a Gallenkamp 
hotstage apparatus. Conductivities were determined in a thermostatted 
water bath using a Universal Measuring Bridge "Philoscope 11" GM4l44/0l. 
Infra-red spectra in the range, -1 4000-250 em ,were recorded 
on Perkin-Elmer 457 and 225 Infra-red Grating Spectrophotometers. 
An Hitachi Far-Infra-red instrument (model FlS-3) was used for the 
-1 determination of i.r. spectra below 250 em . Raman spectra were 
recorded on a Spex Ramalog 1401, 3/4 meter Czerny-Turner Double 
Monochromator-Spectrophotometer using Carson Model 101 Argon and 
Model 103 Krypton ion lasers as light sources. 
uclear magnetic resonance spectra at room temperature were 
measured at 100 MHz on eithr a Varian Associates HA-lOO or a JEOL 
J M- lli-IOO instrument, using TMS as an Internal reference. Variable 
temperature n.m.r. studies were carried out at 60 MHz on a JEOL C60-HL 
instrument and at 100 MHz on a JEOL J 1-MH-IOO instrument using TMS 
(low temperatures) and hexamethyldisiloxane (high temperatures) as 
internal references. 
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1. o-Styryldiphenylphosphine, o-CH2=CHC6~PPh2 (SPP)120 
A Grignard reagent, prepared from g-bromostyrene (18g, 
0.098 mole) and magnesium (2.43g, 0.1 mole) in THF (100 ml) was stirred 
at O°C with chlorodiphenylphosphine (2l.6g, 0.098 mole) in THF (70 ml) 
for 1 hour. The mixture was refluxed for a further hour, hydrolysed 
with hydrochloric acid (ca. 5%) and siphoned under nitrogen into a 
- ) 
separating funnel. The organic layer was separated and the aqueous 
layer salted with sodium chloride and extracted with ether under 
nitrogen. The extracts were combined with the organic layer, dried 
over magnesIum sulphate, and distilled under nitrogen to give a white, 
viscous liquid. This solidifies to a white solid on extraction with 
D-pentane. (Yield 61%.) 
S ld ' hI' o-CH =CHC HAAsPh (SPA) 120 2. 0- tyry Ip eny arSIne, 2 6~ 2~--~---
This compound was obtained from 2-bromostyrene and 
chlorodiphenylarsine by the procedure described in 1. The compound 
is again a white solid which melts at 68-70°C. (Yield 61.3%.) 
3. Chlorobis(o-styryldiphenylphosphine)rhodium(I). Rh(SPP)2Cl 
(a) A slurry of 2-styryldiphenylphosphine (l.Og, 3.5 mmol.) and solid 
[Rh(C8H14)Cl]n95 (0.5g, 1.5 mmol.) was stirred in benzene/~-pentane 
(1:5, 30 ml) at room temperature for three hours. The supernatant 
liquid was decanted and the yellow crystalline residue washed twice 
with benzene to remove cyclooctene and unreacted phosphine. After 
recrystallisation from chloroform at room temperature, the yellow 
crystals were dried thoroughly under vacuum. (Yield 70%.) 
(b) Rhodium trichloride trihydrate (l.OOg, 3.8 mmol.) was dissolved In 
absolute ethanol (25 ml) at 60°C and added to a boiling solution of 
Q-styryldiphenylphosphine (2 . 7g, 9.4 mmol.) in ethanol (50 ml). A 39% 
aqueous solution of formaldehyde (15 ml) was added and the solution 
stirred under reflux for 3 hours. The bright-yellow~crystalline product 
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was filtered, wa hed with ether and recrystallised from chloroform. 
M.P. 208-2l0°C dec. (Yield 85%.) 
Found (%): C 67.28; H 4.78; Cl 5.28; P 8.50; M.W. 714 
RhC40H34P2Cl requIres: C 67.18; H 4.76; Cl 4.97; P 8.68; M.W. 714.5. 
4. Bromobis(o-styryldiphenylphosphine)rhodium(I). Rh(SPP)2 Br 
The complex was obtained from RhBr!3H 20 and 2- styryldiphenyl-
phosphine by the procedure described in reaction 2(b). (Yield 71%.) 
Found (%): C 63.32; H 4.59; Br 10.65; P 7.97 
RhC40H34P2Br requires: C 63 . 24; H 4.48; Br 10.54; P 8.17. 
5 . Chlorobis(o-styryldiphenylarsine)rhodium(I). Rh(SPA)2Cl 
The yellow complex was obtained by the procedures described 
In 3(a) and 3(b) using Q-styryldiphenylarsine in place of 
g-styryldiphenylphosphine . M.P. 2l0-2l4°C dec. (Yield, (a). 73%, (b). 83%.) 
Found (%) : C 59.72; H 4.50; Cl 4.23; M.W. 735 
RhC40H34As2Cl requIres: C 59.81; H 4.24; Cl 4.42; M.W. 8020. 
6. Chlorobis(o - styryldiphenylphosphine)iridium(I). Ir(SPP)2Cl 
A slurry of 2-styryldiphenylphosphine (0.35g, 1.22 mmol.) and 
[Ir(C8H14)2Cl~104 (0.27g, 0.61 mmol.) in benzene/pentane (1:1, 15 ml) was 
stirred at room temperature for l~ hours. The supernatant liquid was 
decanted and the white crystalline residue washed twice with benzene to 
remove cyclooctene and unreacted phosphine. After recrystallisation from 
chloroform, the white crystals were dried thoroughly under vacuum. 
M. P. 256-260°C dec. (Yield 75%.) 
Found (%): C 59.91; H 4.28; C14.l4; P 7.53; M.W. 809 
IrC40H34P2Cl requIres: C 59.74; H 4.23; C14.42; P 7.72; M.W. 803.5. 
7 . Chlorobis(Q-styryldiphenylarsine)iridium(I). Ir(SPA)2Cl 
The white complex was obtained by the procedure described In 
6 using Q-styryldiphenylarsine in place of 2-styryldiphenylphosphl ne. 
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M.P. 262-264°C d c, (Yjeld 66%.) 
Found (%): C 53.95; H 3.91; Cl 3.70; M.W. 880 
IrC40H34AS2Cl requIres: C 53.84; H 3.81; Cl 3.98; M.W. 891.5. 
8. CarbonylbIs(o-styryldiphenylphosphIne)rhodium(I) ChlorIde. 
+ -[Rh(SPP)2(CO)] Cl 
(a) Carbon monoxide was passed through a solution of Rh(SPP)2Cl (0.4g, 
0.56 mmol.) in dichloromethane (ca. 10 ml) at room temperature for 10 
minutes. Methanol (ca. 10 ml) was added and the dichloromethane 
+ -removed under a stream of carbon monoxide. The complex, [Rh(SPP)2(CO)] Cl~ 
separated from solution as pale-yellow crystals and was recrystallised 
from dichloromethane/methanol under carbon monoxide. (Yield 76%.) 
Found (%) : C 65.88; H 4.89; Cl 5.24; P 8.06; M.W. 386 
RhC H 4P20Cl 41 3 requires: C 66.26; H 4.58; Cl 4.78; P 8.35; M.W. 742.5. 
(b) A freshly carbonylated solution of RhC1 3 .3H2O (0.47g, 1.9 mmol.) In 
ethanol (100 ml) was stirred with ~-styryldiphenylphosphine (l.lg, 
3.8 mmol.) at room temperature for l~ hours. The supernatant solution 
was separated from the yellow precipitate, which was formed in the 
reaction (see Chapter 4), by filtration and evaporated to a small volume. 
+ -The complex, [Rh(SPP)2(CO)] Cl , was deposited as pale-yellow crystals 
and recrystallised from dichloromethane/methanol under carbon monoxide. 
(Yield 33%.) 
9. Carbonylbis(o-styryldiphenylarsine)rhodium(I) Chloride. 
+ -[Rh(SPA)2(CO)] Cl 
The pale-yellow complex was prepared by the procedure descrIbed 
in (a), using Rh(SPA)2Cl in place of Rh(SPP)2Cl . 
(Yield 68%.) 
C 59.01; H 4.21; Cl 4.44; M.W. 400 
RhC4lH34As20Cl requIres: C 59.24; H 4.09; Cl 4.28; M.W. 830.5. 
10. Carbon)lbls(o - ~tyryldiphenylphosphine)rhodlum(I) 
Dichlorodicarbonylrhodate(I). [Rh(SPP)2(CO)]+[Rh(CO)2fl2~ 
A solution of Q-styryldiphenylphosphine (0.5g, 
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1.74 mmol.) in benzene (10 ml) was added dropwlse to a stirred solution of 
[Rh(CO)2Cl ]2,112 (0.34g, 1.74 mmol.) in benzene (10 ml). Stirring was 
continued for a further hour at room temperature. The resultant, pale-
yellow SOlId was filtered, washed with a minimum quantity of benzene and 
recrystallised from chloroform/ether. (Yield 90%.) 
Found (%): C 54.90; H 3.59; Cl 7.66; P 6.39; M.W. 505 
Rh2C43H3403P2C12 requIres: C 55.07; H 3.63; Cl 7.58; P 6.67; M.W. 937. 
CHAPTER 3 
Cationi Rhod1um(I) and Iridium(I) Complexes of 
Q-StyryldiphenylEhosphine and Q-Styryldiphenylarsine 
Squar. planar complexes of rhodium(I) and iridium(I) are 
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cons " dered to be oordinatively unsaturated in the sense that they often 
undergo reactions which result in an increased coordination number for 
the 1 83,121,122 comp ex. These reactions are termed addi tion reactions 
and may be divided into two categories: 
(i) Simple addition reactions to give five-coordinate complexes 1n 
Wh1Ch the oxidation state of the metal is unchanged 
123 (e. g. Eqn. 3. 1) . 
(ii) Oxidative addition reactions to glve six-coordinate complexes 
1n which the oxidation state of the metal is formally greater 
by two than that in the original square planar complex 
124 ( e . g. Eqn. 3.2). 
PPh3 
Ph3~ /CO +CO I /0 
Ir ..... 1_ Ir ~ 
I/ 
-CO 
PPh3 I CO 
. . . (3.1) 
(16 valence electrons) PPh3 ( 18 valence electrons) 
EtPh 2P 
H CO EtPh 2P I Cl / +HCl / 
Ir >- Ir (3.2) ~- . . . 
Cl// -HCl /' Ph 2Et OV PPh 2Et 
(16 valence electrons) Cl (18 valence electrons) 
In both cases the dri ving force for the reaction is ass ociated 
W1 th the increase in s tabi Ii ty in going from the ini tial open she 11 
configurat1on (16 valence electrons) to the closed shell configuration 
of the product (18 valence electrons). 
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JdditlOIl reactions of this nature are particularly relevant 
to the Tlechanistic studies of homogeneous catalyses and consequently, 
have received considerable attentIon. f\luch of this attention has been 
di rect ed towards neutral complexes such as Rh(PPh3) 3Cl125 and 
Rhll (CO) (PPh 3) 3
126
, 127, which are recognised as being efficient 
catalysts for the homogeneous hydrogenation and hydroformylation of 
olefins . Recently, however, there has been considerable interest In 
the additIon reactions of square planar, cationic rhodiurn(I) and 
iridium(I) complexes. 110,128-133 By virtue of the positively charged 
nature of the metal ion, these complexes are potentially quite reactive 
wi th nucleophi les, and generally undergo both simple addi tion and 
oxidative addition reactions . For example, the four-coordinate, 
cationic complex [Rh{p(OMe)3}4]+BPh4- 131,132 reacts readily with the 
n-bondlng ligands, oxygen, carbon monoxide and hexafluorobut-2-yne, to 
produce the corresponding fi ve-coordinate, cationic rhodium(I) complexes 
(Eqn . 3.3) . + -Similarly, [Rh{P(OMe)3}4] BPh4 reacts with hydrogen, 
hydrogen halides and halogens to form the corresponding six-coordinate, 
cationic rhodium(III) complexes (Eqn. 3.4). 
. .. (3.3) 
+ -[Rh{P (OMe) 3} 4] BPh4 + AB -+ ... (3.4) 
The four-coordinate, cationIC rhodium(I)-olefin complexes, 
I _ , 
[Rh( OR)L2] A , (NOR = bicyclo[2.2.1]hepta-2,5-diene; L = tertiary 
pho phin or arsine; A = non-coordinating anion) also undergo simple 
additIon reactIons with carbon mono. Ide, tertiary phosphines and 
47 
. (L - ~) 110 ertlary arSlnes ~ n . .).::> • Preliminary n.m.r. data, reported for 
, + -
" 
, 
" + -[Rh(10R)L2] A + L ~ [Rh (NOR) L2L ] A (3.5) . . . 
* " -L2 = diphos . L = PPhMe2 ; A = PF 6 CI04 ) , 
k 
" -L2 = arphos L = AsPhMe2; A = PF 6 C104 , , 
" L = PPh2 f'.le, PPh3; L = CO; A = CI0 4 (in the presen ce 
of excess NOR) . 
these compounds, suggest that the five-coordinate complexes undergo 
rapid Intramolecular, and in some cases intermolecular, ligand 
exchange processes in solution at room temperature. The four-
, + -
coordinate complexes, [Rh(diene)L2] A , (diene = 1,5-cyclooctadiene 
, 
(COD) , OR ' , L = tertiary phosphine or arsine; A = non-coordinating 
anion) are, however, rigid stereochemically, in solution. 
The preparation of a number of four-coordinate, cationic 
rhodium(I) and iridium(I) complexes of Q-styryldiphenylphosphine (SPP) 
and o-styryldiphenylarsine (SPA) is now reported. These complexes 
are coordinatively unsaturated and consequently, undergo addition 
reactions with carbon monoxide, tertiary phosphines,ethylene and 
trifluorophosphine to form the corresponding five-coordinate, cationic 
complexes. 
* diphos = 1,2-bis(diphenylphosphino)ethane, Ph 2PCH 2CH 2PPh 2 . 
arphos = I-diphenylarslno-2-diphenylphosphinoethane, Ph 2AsCH 2CH 2PPh 2 . 
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Treatment of the five-coordinate complexes ML 2Cl, (M = Rh, Ir; 
* ** L = SPP , SPA) (I - IV) with the large anions, BF4 and BPh4 ' affords 
+ - - - -
cationic complexes of empirical formulae [ML 2J A , (A = BPh4 ' BF4 ) 
(V - XI I) which are 1: 1 electrolytes in ni tromethane (Table 3.1). Two 
methods of preparation are available. In the first of these, complexes 
(V - XII) are generated at room temperature by the direct addition of 
solid aBPh 4 (2 moles) or AgBF4 (1 mole) to chloroform or dichloro-
methane solutions of (I - IV) (1 mole) . + -Preparation of [ML 2J BF4 
(V - VIII) may also be effected by refluxing (I - IV) (1 mole) with 
aBF4 (3 moles) in chloroform/isopropanol for one hour. The latter 
method is less effective, however, as secondary reactions can occur 
between the cationic derivatives and the alcohol solvent. Although 
these reactions are not well understood, the n.m.r. spectra of the 
complexes is olated after refluxing (V - XII) in alcohols (methanol, 
ethanol and is opropanol) for several hours suggest that a-alkyl type 
complexes of rhodium and iridium are produced. 
If (V - XII) are prepared under thoroughly dry conditions the 
rhodium complexes isolated are orange and the iridium complexes, red. 
On standing in air for several days, however, these colours change to 
yellow and white respectively. This colour change is reversible; the 
orange and red forms of the complexes are restored when the complexes 
are heated ln vacuo for 2-3 hours. 
* The symbols, M and L, are used ln this context ln the remainder of 
this Chapter. 
** For the reference numbers of all complexes ln this Chapter, see 
Table 3.1. 
umber 
I 
II 
III 
IV 
V 
VI 
VII 
VIII 
IX 
X 
XI 
XII 
XIII 
XIV 
XV 
XVI 
XVII 
VIII 
XIX 
TABLE 3.1 
Molar Conductivities of Rhodium(I) and Iridium(I) 
Complexes of SPP and SPAa 
Molar 
Conductivity Concentration 
Complex (SG-l cm2 (Molarity 
mole-I) x 10-4) 
Rh (SPP) 2Cl 17.9 ± 0.3 2.25 
Rh(SPA)2 Cl 8.2 3.19 
Ir(SPP) 2Cl 11.1 2.89 
Ir(SPA)2Cl 7.7 2.21 
+ -[Rh(SPP)2] BF4 19.6b± 0 .5 
+ -[Rh(SPA)2] BF4 53.6 2.39 
+ -[Ir(SPP) 2] BF 4 63.9 1.76 
+ -[Ir(SPA) 2] BF 4 68.5 2.76 
+ -[Rh(SPP)2] BPh4 18.3
b 
+ -[Rh(SPA)2] BPh4 51.0 1.93 
+ -[Ir(SPP) 2] BPh4 56.8 2.60 
+ -[Ir(SPA)2] BPh4 
c 
+ -[Rh(SPP)2(CO)] BF4 57.6 2.50 
+ -[Rh(SPA)2(CO)] BF4 70.8 2.60 
+ -[Ir(SPP)2(CO)] BF4 75 .1 2.73 
+ -[Ir(SPA) 2(CO)] BF4 75.6 2.21 
+ -[Rh(SPP)2(CO)] BPh4 48.1 2.71 
+ -[Ir(SPP)2(CO)] BPh 4 53 . 5 1.89 
+ -[Rh(SPP)2(CO)] PF6 63.9 2.21 
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Temperature 
(OC) 
23 
24 
23 
24 
23 
24 
23 
24 
23 
TABLE 3.1 (continued) 
Number Complex 
xx + -[Ir(SPP)2(CO)] PF6 
XXI 
XXII 
XXIII 
XXIV 
XXV 
XXVI 
XXVII 
XXVIII 
XXIX 
XXX + -[Rh(SPP)2(CH2=CH 2)] BF4 
XXXI [Rh(SPP)2(CH2=CH 2)]+BPh4-
XXXII Rh(SPP) (n-PhBPh3) 
XXXIII Rh(SPA) (n-PhBPh3) 
XXXV Rh(SPP) (acac) 
Molar 
Conductivity 
(rl- l cm2 
mole-I) 
73.8 
65.4 
72.5 
71.1 
75.8 
65.9 
71.7 
77.0 
76.7 
69.7 
c 
c 
5.3 
4.8 
3.1 
5.0 
Concentration 
(Molarity 
x 10-4) 
2.30 
2.28 
3.31 
2.29 
1.77 
1.95 
2.37 
2.39 
2.17 
2.01 
2.29 
2.41 
1.97 
2.03 
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Temperature 
( °C) 
24 
23 
24 
aAll conductivities were measured in nitromethane. Values expected for 
-1 2 -1 134 1:1 electrolytes in this solvent are from 60-115 rl em mole . 
bInsoluble in nitromethane. 
c 
ot measured. 
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To ascertain the cause of the colour change, the l.r. spectra 
of both coloured forms of each complex were compared. The lighter 
+ -
coloured complexes (yellow [RhL2] A and white 
+ -[IrL2] A) all give rlse 
-1 -1 
to bands at 3600-3300 cm ,1630-1600 cm and 
-1 570-540 cm (nujol) , 
which are absent in the i.r. spectra of the corresponding dark-coloured 
+ - + -
complexes (orange [RhL 2] A and red [IrL2] A ). Such bands are 
135 
characteristic of lattice water in transition metal complexes, and 
illustrate the tendency of (V XII) to exist as hydrated species, 
+ -[ML
2
] A .xH20. This tendency can also be demonstrated by allowing 
samples of dark-coloured (dry) forms of the complexes to stand con-
currently in a desiccator, saturated with water vapour, and in a 
desiccator containing a drying agent (P 4010). After 2-3 hours, the 
sampl~in the former desiccator are completely converted to the light-
coloured (hydrated) forms of the complexes, while in the latter desiccat-
or the dark-coloured forms remain unchanged. 
It is interesting to note that there lS no Slgn of reaction 
of (V - XII) with atmospheric oxygen, from the i.r. spectra of the 
complexes. This contrasts with the rather high affinity for atmos-
+ -
pheric oxygen displayed by [Rh(PPhMe2)4] (anion) and 
+ - - - 131 [Rh(AsPhMe2)4] (anion) , (anion = CI04 ' PF6 ). 
The l.r. spectra of (V - XII) show the absence of free vinyl 
groups ln the complexes. This, together with the known empirical 
formulae and conductivities of the complexes, suggests that the (V - XII) 
are square planar, cationic complexes of rhodium(I) and iridium(I) . 
The construction of a Dreiding model for each of the complexes reveals 
that each vinyl group may be coordinated in two mutually perpendicular 
orientations (see p. 21). There are, therefore, three possible isomers 
for each complex when the Group V atoms are trans (Fig. 3.1), and a 
further three possible isomers when the Group V atoms are cis. 
--'-= 
~ 
P 
(O)"'JIIP 
+ Fig . 3.1. Isomers of the Cation, trans-[RhCSPP)2] 
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The proton n.m.r. spectra of (V - XII) in COC 13 show, ln 
addition to aromatic absorptions between 1.3 and 3.9 r , several 
relatively broad and featureless peaks bet\ een 4.8 and 7.4T (Table 3.2), 
which are belleved to be due to the presence of a number of rigid 
isomers of the cationic complexes . This is consistent with the 
110 
observation, of Schrock and Osborn, that four-coordinate, cationic 
complexes of this nature are stereochemlcally rigid in solution. 
If each complex is prepared under slightly different conditions 
(i .e., by using slightly different reaction times or slightly different 
amounts of solvent) the complex obtained invariably exhibits a 
different n.m.r . spectrum . (Fig. 3 . 2) . Thus, it appears that the 
relative proportions of the isomers formed in the preparation of these 
complexes, vary according to the precise reaction conditions used. 
The complexes decompose when heated in solution, and thus it is not 
possible to determine whether the isomers interconvert rapidly at 
elevated temperatures . 
TABLE 3.2 
Proton N.M.R. Spectra of Four-Coordinate Rhodium(I) 
and Iridium(I) Complexes of SPP and SPAa 
Complex Aromatic Resonances (T) 
Vinyl 
Res onances (-r ) 
1.2-3.0, 3.2, 3.7 (30) 4 .8,5.7,6.4,6.8 (6) 
+ -[Rh(SPA) 2] BF 4 
+ -[Ir(SPP) 2] BF 4 
+ -[Ir(SPA) 2] BF 4 
1.5-3.0, 3.2, 3.9 (28) 
1.5-3.2 
1.5-3.2 
(28) 
(28) 
5.1,5.7,6.6 
5 .0, 6.0, 7.4 
5.8, 7.0 
(6) 
(6) 
(6) 
aAll spectra were measured in CDC1 3 at 32°C. All resonances appear as 
broad multiplets, and thus, the accuracy of each chemical shift val ue 
is ± 0 . 1 p.p.m. Each number in parentheses refers to the total 
relative intensity of the precedlng group of resonances . 
B. 
A. 
I. I I. I I. I I . I 
aT 
+ -Fig . 3 . 2 . Proton N.M . R. Spectra of [Rh(SPP)2] BF4 . (COC1 3) 
+ -A. [Rh(SPP)2] BF4 ' Prepared by the Method Described 
in lea) , Experimental (Reaction time 5 Minutes). 
+ -B. [Rh (SPP) 2] BF 4 ' Prepared as Above but Using a 
Reaction time of 15 Minutes . 
An important feature of the n.m.r. spectra of (V - XII) is 
that some aromatic resonances are found at chemical shifts as high as 
+ -3.9T. This effect is particularly pronounced in [Rh(SPP)2] A and 
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+ -[Rh(SPA)2] A. From an examination of the Dreiding models of (V - XII) 
containing cis- Group V atoms, it is evident that one aromatic ring of 
one chelating ligand is necessarily situated directly above an aromatic 
ring of the other chelating ligand. This is expected to enhance the 
shielding of the aromatic protons concerned and result in an upfield 
shift of their corresponding resonances. 
Reactions of (V - IX, XI) with Carbon Monoxide 
Carbon monoxide reacts rapidly with (V - IX, XI) in chloro-
form or dichloromethane solutions, to produce five-coordinate com-
plexes of empirical formulae [ML 2(CO)]+A- (XIII - XVIII). The reactions 
are marked by distinct colour changes in the solutions from dark-
orange to pale-yellow (rhodium complexes) and from red to colourless 
(iridium complexes). The complexes (XIII - XVIII) may also be 
prepared by treating chloroform solutions of (I - IV) with carbon 
monoxide ln the presence of the large anions, BF4 and BPh 4 . By 
using ammonium hexafluorophosphate (NH4PF6) as a source of the anion, 
PF6 ' in this reaction it is possible to isolate the carbonyl adducts 
as PF6 salts also (XIX, XX). All complexes isolated are 1:1 
electrolytes in nitromethane (Table 3.1) and exhibit one broad v(CO) 
band in their i.r. spectra (nujol, CH2C1 2) at ca. 2040 cm-
l (Table 3.3). 
+ - + -In contrast to [Rh(SPP)2(CO)] Cl and [Rh(SPA)2(CO)] Cl (see Chapter 2), 
(XIII - XX) show no tendency to lose CO. This is probably due to the 
-poor coordinating abilities of PF6 ' BF4 and BPh 4 . The i.r. spectra 
Complex 
[Rh(SPP)2(CO)]+An- C 
+ -[Rh(SPA)2(CO)] BF4 
+ -[Ir(SPP)2(CO)] An 
+ -[Ir(SPA) 2 (CO)] BF 4 
TABLE 3 . 3 
Spectral Properties of Some Five-Coordinate Rhodium(I) 
and Iridium(I) Carbonyl Complexes of SPP and SPA 
a I. R. Spectrum 
-1 
v(CO) (cm ) 
2039 
2038 
2039 
2038 
Aromatic 
Res onances (T) 
1.4 - 3.1 (28) 
1.6 - 3. 1 (28) 
1.8 - 3.2 (29) 
1.8 - 3.2 (30) 
b N.M.R. Spectrum 
Vinyl 
Resonances 
5.3 (2) 
(T) 
6.4 (4) 
5.12 br.t. (2) 6.70 d. (4) 
(Separation = 12 Hz) 
5.0,5.3, 5.6, 6.5, 
7.1 (6) 
5.0,5.2,5.6,6.5, 
7.2 (6) 
aMeasured in nujol, CHC1 3 and CH 2C1 2 . 
bMeasured in CD2C1 2 at 32°C. All resonances appear as complex multiplets except where otherwise stated. The 
accuracy of each chemical shift is ± 0.1 p.p.m. (broad resonances) and ± 0.01 p.p.m. (sharp resonances). 
Each number in parentheses refers to the total rel ative intensity of the preceding group of resonances . 
c - - - -
An = BF4 ' BPh 4 ' PF6 . 
Ul 
+::>-
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of (XIII - XX) also show that fre~ vinyl groups and lattice water Cite 
absent in the complexes. 
+ -The proton n.m.r. spectra of [Rh(SPP)2(CO)] An , (An- = BF4 ' 
-BPh 4 ' PF 6 ) .show, in addition to aromatic resonances between 1.4 and 
3.1T, two broad vinyl resonances at 5.3T and 6.4T (Table 3.3), both of 
Whl· ch h t· 1· t 3lp and l03Rh nuclel· . s ow . ex enSlve coup lng 0 The vinyl 
resonances are shifted upfield relative to those of free SPP, which 
suggests that both vinyl groups . ~:re coordinated. Thus, the complexes 
are formulated as five-coordinate, cationic complexes of rhodium(I) 
(Fig. 3.3a). By analogy with ,Rh(SPP)2Cl, it is proposed that a 
trigonal bipyramidal arrangement 0.£ ligands is more likely than the 
square pyramidal alternative. the broad nature of the vinyl resonances 
i"s attributed both to coupling of the vinyl protons wi th 3lp and l03Rh 
* nuclei and some form of non~rigidity in the complexes. 
+ -
The proton n.m.r. spectrum of [Rh(SPA)2(CO)] BF4 shows 
characteristic aromatic resonances between 1.6 and 3.1T and vinyl 
resonances at 5.l2T (br.t) and 6.70T (d.) (Table 3.3). The vinyl 
resonances are shifted upfield relative to those of free SPA and 
this suggests that both vinyl groups are coordinated. Thus, the 
complex is formulated as shown in Fig. 3. 3b. Proton decoupling of 
each vinyl resonance results in the collapse of the triplet at 5.l2T 
and the doublet at 6.70T into broad singlets. Double irradiation of 
the vinyl re~onances, using both proton and rhodium decoupling 
frequencies, reduces the broadness of the vinyl resonances further. 
* + If the cation [Rh(SPP)2(CO)] is trigonal bipyramidal then, by analogy 
with Rh(SPP)2Cl (see Chapter 2), there are eighteen possible isomers 
for the cation. The non-rigidity proposed here is expected to involve 
the rapid equilibration of some or all of these isomers. 
Ph2E~ 
CH 2 '\ 
CH 
A 
Y 
- - -
a. M=Rh E=P, Y=CO, A =BF , BPh4 , PF 6 4 
-b. M=Rh, E=As, Y=CO , A =BF 4 
- - -
c. M=Ir , E=P , Y=CO, A =BF 4 , BPh4 , PF6 
-d. M=Ir , E=As, Y=CO, A =PF 4 
-
e. M=Rh , E=P, Y=PF 3 , A =BF 4 
-f. M=Rh , E=As , Y=PF 3' A =BF 4 
-g. M=Ir , E=P, Y=PF 3 , A =BF 4 
-h. M=Ir , E=As , Y=PF 3 , A =BF 4 
-
1. M=Rh , E=P , Y=PPh 2Me, A =BF 4 
-
J . M=Rh , E=As, Y=PPh 2Me, A =BF 4 
-k. M=Ir , E=P, Y=PPh 2Me, A =BF 4 
-
1 . M=Ir , L=As, Y=PPh 2Me, A =BF 4 
-
m. M=Rh , L=P , Y=PPh3 , A =BF 4 
-
- -
n. M=Rh , L=P , Y=(CH2=CH 2), A =BF 4 , BPh4 . 
Fig. 3.3. Proposed Structures of Some Five-
Coordinate, Cationic Rhodium(I) and Iridium(I) 
Complexes of SPP and SPA 
Note: For convenience, the structure of each complex is illustrated 
as one lsomer only. It is likely, however, that the complexes 
also exist in other isomeric forms of this structure. 
.-
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The rather simple pattern of vinyl resonances in the undecoupled 
spectrum is reminiscent of an ABX spin system, in which the chemical 
shifts of A and B almost coincide, and implies that both vinyl groups 
are either stereochemically equivalent or undergoing rapid intramole-
cular exchange, similar to that proposed for (I) and (II). 
To investigate the possibility of dynamic structures for the 
cations, [Rh(SPP)2(CO)]+ and [Rh(SPA)2(CO)]+, in solution, the n.m.r. 
spectra of their BF4 salts were examined in the temperature range 
+32 to -5aoC (Figs. 3.4 and 3.5). The chloride salts are not suitable 
for this study owing to the ease with which they lose CO and revert to 
Rh(SPP)2Cl and Rh(SPA)2Cl respectively . When solutions of (XIII) and 
(XIV) are cooled to -5 aoC, the vinyl resonances broaden and eventually 
resolve into two multiplets. This phenomenon is reversible with 
+ + 
temperature and suggests that [Rh(SPP)2(CO)] and [Rh(SPA)2(CO)] exist 
as a number of rapidly equilibrating isomers at room temperature. 
+ -Although the coalescence temperature CTc) of [Rh(SPP)2(CO)] BF4 
+ -(ca. 32°C) is higher than that of [Rh(SPA)2(CO)] BF4 C~. -25°C), it 
does not necessarily follow that rearrangement processes occur more 
+ - + -
rapidly in [Rh(SPA)2(CO)] BF4 than in [Rh(SPP)2(CO)] BF4 . The low 
temperature spectra of the two complexes are far too complicated to 
enable the temperature dependence of individual resonances, associated 
with a particular isomer, to be followed. Consequently, estimations 
of the energies of activation associated with the rearrangement of the 
vinyl groups cannot be made. Furthermore, the low temperature limiting 
spectra of t he complexes show that while the S-vinyl protons of 
+ -isomers of [Rh(SPA)2(CO)] BF4 resonate over a small chemical shift 
+ -
range (ca. 50 Hz), the corresponding protons in [Rh(SPP)2(CO)] BF4 
I 
I 
~ 
I I I , , , ! I I I I ! , , I , I I I I 
4 7 i 
Fig. 3.4. Variable Temperature Proton N.M.R. Spectra of 
+ -[Rh(SPP)2(CO)] BF 4 · (C0 2C1 2) 
(Vinyl resonances only) 
5.12 6 .70 T 
I ! I • I ! I ! I ! I. I ! I . I . I ! I • I • I • I . I • I ! I • I • I ! I ! I • I 
Fig. 3.5. Variable Temperature Proton N.M.R. Spectra of 
+ -[Rh(SPA)2(CO)] BF 4 . (C0 2C1 2) 
(Vinyl resonances only) 
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* resonate over a relatively larger range (ca. 100 Hz) . This means that, 
+ -provided the rearrangement rate of [Rh(SPP)2(CO)] BF4 is not much 
+ -faster than that of [Rh(SPA)2(CO)] BF4 ' coalescence of the S-vinyl 
+ -
resonances should occur at a lower temperature for [Rh(SPA)2(CO)] BF4 
+ -
than for [Rh(SPP)2(CO)] BF4 . 
It is feasible, however, that rearrangement of the vinyl 
groups does occur more rapidly in [Rh(SPA)2(CO)]+ than it does 1n 
[Rh(SPP)2(CO)]+. If, by analogy with complexes (I - IV), this re-
arrangement process 1S considered to occur via mechanisms which invoke 
a weakening or rupture of the metal-olefin bond, one might well expect 
+ 
non-rigidity to be more pronounced in [Rh(SPA)2(CO)] . It has been 
136-138 postulated that the n-acceptor properties of arsines are greater 
than those of phosphines. This suggests that the degree of back-bonding 
+ from metal to olefin should be less in [Rh(SPA)2(CO)] than in 
+ + [Rh(SPP)2(CO)] and thus, the non-rigidity of [Rh(SPA)2(CO)] should be 
** correspondingly greater. 
+ -The reaction of [Rh(SPA)2(CO)] BF4 with excess CO also 
suggests that the vinyl groups are bonded more loosely in this complex 
+ -than in [Rh(SPP)2(CO)] BF4 . When CO is bubbled into a solution of 
[Rh(SPA)2(CO)]+BF4-, v(CO) bands at 2092(m) and 2039(s) cm-
l 
may be 
* As phosphorus-proton coupling constants 1n complexes of this nature are 
generally only ca. 5 Hz, this difference is too large to be accounted 
f · f 3lp l' or ln terms 0 coup 1ng. 
**Whitesides and Budnik 139 have observed a similar effect in the cornpara-
The former complex has been found to be less stereochemically-rigid 
than the latter complex, and this has been attributed to the weaker 
+ -
metal-olefin n-backbond in [(n-C7H7)Fe(CO)3] BF4 . 
r-
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detected in the i.r. spectrum of the solution. The former band dis-
appears when the solution is saturated with nitrogen, and all attempts 
to isolate the complex which gives r1se to this band failed. The 
complex formed is therefore stable in solution only in the presence of 
excess CO, and may be the cationic, dicarbonyl complex, 
'" 
+CO 
........ 
. .. (3.6) 
-CO 
CO CO 
The presence of excess CO has no apparent effect on the n.m.r. 
spectrum of the complex at room temperature. 
if it is present in solution at all, is probably present in only a very 
low concentration. When CO is bubbled into a solution of 
+ [Rh(SPA)2(CO)] BF4 at -58°C, the n.m.r. spectrum of the complex 1S 
noticeably different from the normal spectrum of the complex at this 
temperature; the vinyl resonances become broader and shift about 
6-7 Hz to lower field (Fig. 3.6). Such phenomena are consistent with 
a rearrangement of the vinyl groups occurring in the presence of 
excess CO via the equilibrium depicted in Eqn. 3.6. 
B. 
A. 
I ! I I ! I I I 
3 8T 
+ -A. Normal Spectrum of [Rh(SPA)2(CO)] BF4 . 
+ -B. Spectrum of [Rh(SPA)2(CO)] BF4 in the 
Presence of Excess Carbon Monoxide. 
In contrast, [Rh(SPP)2(CO)] BF4 shows no slgn of reaction 
with excess CO even at -58°C. This supports the conclusion that the 
+ 
vinyl groups are coordinated more strongly in [Rh(SPP)2(CO)] than 
+ * they are in [Rh(SPA)2(CO)] . 
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+ -
The proton n.m.r. spectra of [Ir(SPP)2(CO)] An , (An = BF4 ' 
+ -BPh
4 
' PF6 ) (XV, XVIII, XX) and [Ir(SPA)2(CO)] BF4 (XVI) in C0 2C1 2 at 
room temperature, show complex patterns of vinyl resonances between 
5 .0 and 7 . 2T (Table 3.3). The upfield shift of the resonances compared 
with those of free SPP and free SPA implies that both vinyl groups are 
coordinated, and thus the complexes are formulated as five-coordinate, 
cati onic complexes of iridium(I) (Fig. 3.3c,d). The similarity of the 
n .m.r. spectra of these complexes with the spectra of Ir(SPP)2Cl and 
+ + 
Ir(SPA) 2Cl suggests that the cations, [Ir(SPP) 2 (CO) ] and [Ir(SPA) 2 (CO)] , 
exist as a number of ri gi d lsomers In solution at room temperature. 
Neither [Ir(SPp)2(CO)]+ nor [Ir(SPA)2(CO)]+ shows any 
tendency to react with excess CO. 
* It lS recognised that this conclusion does not concur with Wilkinson's 
observation125 that intermolecular ethylene exchange occurs more 
readily in Rh(PPh 3)2(C 2H4)Cl than in Rh(AsPh 3)2(C2H4)Cl. Neither does 
. . h W d' b . 136 h . b' l' f· It concur Wlt estlan s 0 servatlon t at arSlnes sta l lse lve-
coordination in metal-complexes to a greater extent than phosphines. 
+ -
evertheless, the available experimental data for [Rh(SPA)2(CO)] BF4 
+ -
and [Rh(SPP)2(CO)] BF4 suggest that the vinyl groups are more strongly 
bound to rhodium in [Rh(SPP)2(CO)] BF4 than they are in 
+ -[Rh(SPA)2(CO)] BF4 . 
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Reactions of (V - VIII) with Trifluorophosphine 
The four-coordinate, cationic complexes (V - VIII) react 
readily with PF 3 (25°C, 1 atm) in solution (CHC1 3 or CH 2C1 2) to produce 
+ -
five-coordinate complexes of empirical formulae, [ML 2(PF3)] BF4 
(XXI - XXIV). The reactions are marked by distinct colour changes In 
the solutions from dark-orange to pale-yellow (rhodium complexes) and 
from red to colourless (iridium complexes). Complexes (XXI - XXIV) are 
alII: 1 electrolytes in nitromethane (Table 3.1) and exhibit broad bands 
-1 in their i.r. spectra at ca. 850 cm (Table 3.4). These bands are 
absent in the i.r. spectra of the parent complexes (V - VIII) and may be 
attributed to phosphorus-fluorine stretching modes of coordinated 
PF3·l40-l42 
The proton n.m.r. spectra of the complexes (XXI - XXIV) show 
broad and complex vinyl resonances between 4.8 and 7.3T (Table 3.4). 
The upfield shift of the resonances compared with those of the free SPP 
and free SPA implies that both vinyl groups are coordinated and thus, 
the complexes are formulated as five-coordinate, cationic complexes of 
rhodium(I) and iridium(I) (Fig. 3.3 e-h). The broadness of the vinyl 
resonances is not expected to be due to spin-spin coupling of the vinyl 
31 19 ° protons with the P and F nucleI of PF 3 . Although no analogous 
metal-olefin complexes containing PF 3 are known, the complexes, 
( 'TT-C H )Rh(PF ) 143 d ( r H )Rh(PF E ) 142 h °d f 1 " 5 5 3 2 an TI~5 5 2 t2 2' s ow eVl ence 0 on y very 
weak coupling (less than 3 Hz) of the cyclopentadienyl protons with 3lp 
and 19 F nuclei. Thus, similar spin-spin coupling in (XXI - XXIV) is 
expected to be small. It appears, therefore, that the broadness of the 
vinyl resonances at room temperature must be due to the presence of 
either rigid or slowly interconverting isomers of each complex in 
solution. 
TABLE 3.4 
Spectral Properties of Five-Coordinate Rhodium(I) and 
Iridium(I) Trifluorophosphine Complexes of SPP and SPA 
a I. R. Spectrum b .M.R. Spe ctrum 
Complex -1 v (PF) (cm ) 
855 br. 
850 br. 
850 br. 
850 br. 
~easured 1n nujol. 
Aromatic 
Resonances (T) 
1.7-2.8, 3 .6 (30) 
1. 7-2.8, 3.8 (28) 
1.7-3.2 (29) 
1.7-3.2 ( 28) 
Vinyl 
Resonances 
4.8, 5.4, 
6.9 
4.8, 5 .3, 
6.8 
5.0, 5.4, 
6.5, 7.1 
5.0, 5.4, 
6.4, 7.3 
61 
(T) 
5.8, 
(6) 
5 .8, 
(6) 
5 .6, 
(6) 
5 .6 , 
(6) 
bMeasured 1n CDC1 3 at 32°C. All resonances appear as complex multiplets. 
Each number in parentheses refers to the total relative intensity of 
the preceding group of resonances. 
In V1ew of the marked similarity in coordinating abilities of 
PF d CO 144,145 · t . .. h h f h 3 an, 1 1S not surpr1s1ng t at t e n.m.r. spectra 0 t e 
iridium trifluorophosphine complexes (XXIII and XXIV) closely resemble 
those of the iridium carbonyl complexes (XV and XVI). While there is 
no direct similarity between the n.m.r. spectra of the trifluorophosphine 
complexes (XXI and XXII) and the carbonyl complexes (XIII and XIV) of 
rhodium, it does not necessarily follow that the complexes behave 
+ differently in solution. It is feasible that both [RhL 2(CO)] and 
+ [RhL 2(PF 3)] exist as a number of slowly interconverting isomers in 
solution, wi th the relative broadness of their n.m.r. spectra being 
determined by the chemical shift range over which the isomeric vinyl groups 
absorb. Without accurate knowledge of the temperature dependence of 
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resonances associated with the vinyl protons of particular isomers, it 
is impossible to obtain further information about the behaviour of 
these complexes in solution. 
Reactimsof (V - VIII) with Tertiary Phosphines 
Wh~n chloroform ,or dichloromethane solutions of complexes 
(V - VIII) are stirred with methyldiphenylphosphine (PPh 2Me) or 
triphenylphosphine (PPh 3), five-coordinate complexes of empirical 
+ -formulae [ML 2P] A (L = SPP, SPA; P = PPh Me: 2 L = SPP; P = PPh 3) , 
(XXV - XXIX), are formed. These reactions are agaln marked by colour 
changes in the solutions, similar to those described previously for 
the addition of CO and PF 3 to (V - VIII). Complexes (XXV - XXIX) are 
all 1:1 electrolytes in nitromethane (Table 3.1). 
The proton n.m.r. spectra of (XXIV - XXIX) In CDC1 3 show 
aromatic resonances between 1.8 and 4.2T and complex patterns for both 
the vinyl resonances (4.8 - 6.7T) and the methyl resonances (8.5 - g.O T) 
(Table 3.5). The upfield shift of the vinyl resonances compared 
with those of free SPP and free SPA suggests that both vinyl groups 
are coordinated. The complexes are, therefore, formulated as five-
coordinate, cationic complexes of rhodium(I) and iridium(I) (Fig. 3.3, 
i-m) . 
The 3lp noise-decoupled n.m.r. spectra of the SPP complexes 
(XXV, XXVII,XXIX) resemble the normal spectra of the corresponding SPA 
complexes, in that both sets of spectra show several overlapping 
triplets and doublets for the vinyl resonances. This, together with 
the fact that the methyl resonances of coordinated PPh 2Me appear as a 
Complex 
+ -[Rh(SPP)2(PPh 2Me)] BF4 
+ -[Rh(SPA)2(PPh 2Me)] BF4 
+ -[Ir(SPP)2(PPh 2Me)] BF4 
+ -[Ir(SPA)2(PPh2Me)] BF4 
+ -[Rh(SPP)2(PPh3)] BF4 
TABLE 3 .5 
Proton N.M.R. Spectra of Five-Coordinate Rhodium(I) and 
Iridium(I) Tertiary Phosphine Complexes of SPP and SPAa 
Aromatic 
Res onances (T) 
1.8-3.5, 3.9 (38) 
1.8-3.5, 3.9 (40) 
1.8-3.5, 4.2 (40) 
1.8-3.5, 4.2 (40) 
1.7-3.5, 3.9 (39) 
Vinyl 
Res onances (T) 
4.9, 5.3, 5.6, 5.9, 
6.3,6.8 (6) 
4.8, 5.21t., 5.5, 5.90d., 
6.22d., 6.41d., 6.7 (6) 
5.0, 5.3, 5.7,6.4, 
6.7 (6) 
4.9, 5.21t., 5.6, 
6 . 20d., 6.66 
4.9, 5.3, 5.6, 5.9, 
6.2, 6.8 (6) 
Methyl 
Res onances (T) 
8.67 (br. unsymmetrical 
doub let) (3) 
(Separation = 6 Hz) . 
8.7 (3) 
8.57d., 8. 70d., 8.95d. (3) 
(Separation = 7 Hz) 
8.60d., 8.72d., 8.95d. 
(Separation = 7 Hz) 
~easured in CDC1 3 at 32°C. All resonances appear as complex multiplets except where otherwise stated. The 
accuracy of each chemical shift is ± 0.1 p.p.m., (broad resonances) and ± 0.01 p.p.m. (sharp resonances). Each 
number in parentheses refers to the total relative intensity of the P!eceding group of resonances. 
Q'\ 
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number of overlappIng doublets implies that, at room temperature, 
(XXV - XXIX) exist as a number of rigid isomers in solution. 
The construction of Drieding models for these isomers 
reveals that, in the isomers containing cis- Group V atoms, two phenyl 
rings, belonging to any two cis-phosphine (or arsine) ligands, are 
forced into a configuration in which one ring lies directly above the 
+ -
other. (In the case of [Rh(SPP) 2(PPh 2Me)] BF 4 ' the two phenyl rings 
are separated by ca. 2.4 ~). This is expected to enhance the shielding 
of the aromatic protons concerned and thereby account for the observed 
upfield shift of some of the aromatic resonances. This effect is 
particularly marked in (XXV - XXIX) - more so, than in the other rigid 
Isomers described In this Chapter - as the chance of there being two 
Group V atoms CIS In these complexes, which contain three tertiary 
phosphine (or arsine) ligands, is naturally greater than it is in the 
other complexes, which contain only two tertiary phosphine (or arsine) 
ligands. 
When excess PPh 2Me is added to CDC1 3 solutions of (XXV - XXIX), 
their n.m.r. spectra are unaltered, except for the appearance of a 
sharp doublet at 8.43T, due to the presence of free PPh 2Me. Thus, 
there IS no evidence of intermolecular exchange between free and 
coordinated PPh 2Me. 
It is not surprising that the PPh 2Me derivatives of (V and VI) are 
stereochemically more rigid than the corresponding CO and PF 3 complexes. 
Tertiary phosphines are generally regarded as being poorer n-acceptors 
146 147 than CO and PF 3 ' and thus, are expected to weaken the n- component 
of the metal-olefin bonds in (XXV, XXVI and XXIX) to a lesser degree 
than CO and PF
3 
do in (XIII and XIV) and (XXI and XXII) respectively. 
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s structural non-rigidi ty in these complexes is considered to arise 
through a weakening or rupture of he 'IT-component of the metal-olefin 
bond, it is natural to expect (XXV, XXVI and XXIX) to be stereochemically 
more rigid than (XIII, XIV, XXI and XXII). 
Reactions of (V - XII) with Ethylene 
After bubbling ethylene (1 atm, 25°C) through dichloromethane 
solutions of (V and IX) for five minutes, it is possible to isolate 
pale-orange, crystalline complexes (XXX and XXXI), which readily revert 
to their respective, parent cationic complexes (V and IX) 
on standlng in air. 
The n.m.r. spectra of (XXX and XXXI) in CDC1 3 indicate that 
coordinated ethylene (1 mole per mole of complex) is present in both 
complexes (Table 3 .6). In addition to a complex pattern of vinyl 
resonances between 5.1 and 6.7T, each spectrum shows a broad singlet 
at ca . 6T, due to coordinated ethylene. When a small amount of ethylene 
lS passed through the CDC13 solutions of (XXX and XXXI) the colour of the 
solutions changes from red to colourless, the resonance at ca. 6T 
disappears, and a more intense band appears at lower field (ca. 4.8T) 
(Table 3.6). This is indicative of a rapid intermolecular exchange of 
free and coordinated ethylene in the complexes. 36* Concomitant 
sharpening of the vinyl resonances also occurs suggesting that the rapid 
exchange of ethylene induces rapid equilibration of the isomers of the 
complexes. Complexes (XXX and XXXI) are therefore formulated as flve-
coordinate,cationic complexes of rhodium(I) (Fig. 3.3n). 
* Free ethylene absorbs at 4.67T (CDC1 3 , 32°C). 
TABLE 3 . 6 
a 
+ - --Proton N.M.R. Spectra of [Rh(SPP)2(CH 2=CH 2)] A , (A = BF4 ' BPh4~ 
Complex 
+ -[Rh(SPP)2(CH2=CH2)] BF4 
+ -[Rh(SPP) 2 (CH 2=Q-12) ] BF 4 
+ CH =CH 2 2 
+ -[Rh(SPP)2(CH2=CH 2)] BPh 4 
+ -[Rh(SPP)2(CH2=CH 2)] BPh 4 
+ CH =CH 
2 2 
Aromatic 
Res onances (T) 
1.8-3.2m. (30) 
1.8-3.2m. (30) 
1. 8-3. 3m. (29) 
1.8-3.3m. (29) 
Vinyl 
Res onances (T) 
S.lm., S.Sm., 6.Sm. (6) 
S . SOb r . t ., 6. 3 2b r . d. , 
6.64br.d., (6) 
S .lm., S .Sm., 6.Sm. (6) 
S.SObr.t., 6.31 br.d., 
6.64br.d. (6) 
Ethylene (T) 
6.0Sbr.s. (4) 
4. 70br.s. (10) 
6.l7br.s. (4) 
4.9 3br . s. (6) 
aMeasured in C02C12 at 32°C. The accuracy of each chemical shift is ± 0.1 p.p.m. (broad resonances) and ± 0.01 
p.p.m. (sharp resonances). Each number in parentheses refers to the total relative intensity of the preceding 
group of resonances. 
(J\ 
(J\ 
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When ethylene is passed through chloroform solutions of 
(VI - VIII, X - XII), white substances of indefinite composition are 
precipitated, which are quite stable in air. Preliminary n.m.r. and 
analytical data on these complexes suggest that each reaction involves 
the addition of more than one mole of ethylene to (VI - VIII, X - XII). 
These reactions have not been investigated further. 
+ + Reactions of [Rh(SPP)] and [Rh(SPA)] with Hydrogen ------------~--~--~2 2~------~--~-
The reactions of the complexes (V, VI, IX, X) with hydrogen 
are dependent on the particular anion in the complex, and therefore, 
are discussed separately. 
+ -(a) Reaction of[Rh(SPP)~ BPh 4 (IX) with Hydrogen 
When a chloroform solution of (IX) is stirred ln an atmosphere 
of hydrogen, a yellow crystalline complex of empirical formula, 
Rh(SPP) (BPh
4
) (XXXII) is rapidly formed, which is monomeric in chloro-
form and non-conducting in nitromethane (Table 3.1). 
The proton n.m.r. spectrum of (XXXII) ln CDC1 3 shows, ln 
addition to characteristic aromatic resonances between 1.8 and 3.1T, 
five sets of resonances between 2.7 - 8.3T (Table 3.7). l03Rh decoupling 
of the spectrum simplifies the two resonances at 5.33T and 6.87T 
(Fig. 3 .7). The pattern observed is reminiscent of a coordinated vinyl group 
of an SPP ligand (i.e., two overlapping doublets for the a-proton and 
* a doublet for one of the S-protons). A third resonance at 8.27T, while 
* F~~r-fold expanslon of this doublet reveals a further splitting due to 
geminal coupling of the two S-vinyl protons. 
103 Rh decoupled 31 P decoupled 
,: ,: 
2 8; 
Fig. 3.7. Proton N.M.R. Spectrum of Rh(SPP) (n-PhBPh3). 
(C0 2C1 2) 
I II ! 
--2 
Fig. 3.10. 
6 .62 
I I ! ! I I 
Proton N.M.R. Spectrum of the 
Isolated from the Reaction of 
with Hydrogen. (COC1 3) 
8 .88; 
! I I I ! 
'" 9; 
Products 
+ -[Rh(SPP)2J BPh4 
TABLE 3. 7 
Proton N ~ . R . Spectra of Rh(SPP)(3cac) anJ Some RhoJlum(I)-Arene Co~plel ~,_~rr anJ SrAa 
COliplex 
Rh{SPP) (.-PhBPh 3)d 
Rh{SPA) (.-PhBPh3)e 
f Rh(SPP) (. - CSHS) 
Rh{SPP) {acac)e 
Aromatic 
Resonances (,) 
1.8 - 3 . 111 . (30) 
3.7 • . ( 4) 
4.61 t . (I) 
2.0-3 .2 •. (31) 
3.6 • . ( 3) 
3 .9m. (2) 
4 .46t. (I) 
1.9-3 .211.(16) 
2.0-3.211. ( 16) 
HA 
S_H septet 
(I) 
5.36 septet 
(I) 
S. 46t. of 
doublets(l) 
5. 1211 . (I) 
, 
Rh 
/H" HM 
Ph 2E k-..." I >d;C=C\ 
(EoP,As) 
Vinyl Resonanc es (,)b 
HM 
6 .87br .d . of 
doublets(l) 
6.87d . of 
doublets(l) 
6 . 83br .d . of 
doublets(l) 
6.14br.d. of 
doublet s(l) 
HX 
8.27br .d . of 
doublets(l) 
8 . 29d . of 
doublets(l) 
8 .bObr. t .(I) 
7 .6Om. ( I) 
·Each number in parenthe ses refers to the relative Intensity of the preceding re sonanc e . 
Other lieand 
Resonances (,) 
(CSHs) 4 .92d . 
of doublet s(S) 
(CH3) 8 . 125 .(3 ) 8 .265. (3) 
(CB) 4 .725.(1) 
Coupling Constan t s (Ht)c 
332 J H ~ 0 8 .0, J H H 0 10 . 5, J~ 0 1.0, A A X X 
3 J
RhH 
• 3, 3 3JRhH < 0 . 5, JRh~ • 3, 
A X 
4J 
PBX 
o 4 . 5. 
332 J H ~ 0 7.5, J H H 0 10 .5 , J~ • 1.0, A A X X 
3 3 3, 3 J Rhll • 3, JRh~ J RhH < 0 . 5. A X 
332 J H ~ 0 8.0, J H H 0 10 .0, J~H 0 1.0, A A X X 
3 , 3 3 J Rhll 3, JRh~ • 3, J Rhll < 0 . 5, A X 
4 
, 5, 3 J g o 0 . 73 ! 0.05, J pB X Rhl\ 
4 I J pH • 1.0~ ! 0 .05, ~hP. 200 ! 2. 
L 
3 3 J H H 0 8 .0, J H H A M A X 
2 • 1.0 . 10, J~x 
bThe individual vinyl res on ances are dis t inguished by the Site of 3J~1 ( the larger coupling constant Is usually associa ted with the tran s VICinal coupling). 
cThe accuracy of the coupling constants IS 0 . 5 Ht, unless otherwise stated. 
dMeasured In CD2CI 2 at 32·C. 
e Measured In CDCI 3 at 32·C . 
f • Measured In C6D6 at 32 C. g"H L" refers to the protons of cyclopentadlene. Q\ 00 
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being only weakly coupled to l03 Rh , IS strongly coupled to 31 p ; 31 p 
decoupling of the spectrum causes this resonance to collapse into a 
doublet (which IS reminiscent of the other S-vinyl proton of an-bonded 
vinyl group of SPP) (Fig. 3.7). The resonances at 2 . 76T and 4.61T show 
no sign of being coupled to either 103Rh or 31p . They are believed to 
be due to aromatic protons, as the integration of the spectrum then 
corresponds with the empirical formula, Rh(SPP) (BPh 4)· The upfield 
shift of these aromatic resonances (relative intensity 5) compared 
with those of the rest of the complex (relative intensity 30) suggests 
that at least one of the aromatic rings in the complex IS either 
subject to abnormal shielding effects or involved in a n-arene type 
bond with rhodium. 148 
Compounds containing an-bonded tetraphenylborate anIon have 
recently been prepared by Haines 131 ,149,150 and by Schrock and 
151 150 Osborn . The crystal structure of Rh[P(OMe)3]2(n-PhBPh 3) 
(Fig. 3.8) has shown that the anion is n-bonded to rhodium via one of 
its phenyl rIngs. The phenyl ring is puckered slightly (ca. 6°) into 
a boat form so that the metal IS somewhat closer (ca. 0.1 ~) to the 
four carbon atoms attached to H2 and H3 than the other two unique 
carbon atoms. The bonding IS best regarded as involving an h
6
_ 
interaction using all SIX n-electrons of the phenyl rIng In bonding, 
since then the metal atom achieves the inert gas configuration and 
the compounds can be considered as being isoelectronic with the known 
complexes, Rh(lT-CShS)(diolefin) (diolefin; 1,S-cyclooctadiene,lS2, 
1,5-hexadiene,36 bicyclo[2.2.1]hepta-2,5-diene) .153 
Spectral properties which are characteristic of complexes 
containing an-bonded tetraphenylborate anIon are the appearance of 
aromatic resonances between 3 and 4.2T in the n.m.r. spectra of the 
\ 
\ I 
\ , 
I 
, \ \, \ 113 ,,\ \ 
" \ 
,'\ /1 \' \ ,'" , :-
Rh 
(MeO)3 P P(OMe)3 
Fig. 3.8. Molecular Geometry of 
, 
, 
\ 
\ 
\ , 
I 
I 
, " \, \ ",' 
,\ I' I 
\' \ 1'1 "~I 1,'1 
", I,' 
,\' I, I 
\ \ 1,1 
Rh 
,.. 
" 
, 
.. 
, 
.. 
. 
(E = P, As) 
Fig. 3.9. Proposed Structure of 
Rh(L) (n-PhBPh3), (L = SPP, SPA) 
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-1 . 
complexes and the appearance of bands at 1390 and 1460 cm 1n the i.r. 
131,151 
spectra of the complexes. Thus , (XXXII), which exhibits bands at 
1390 and 1452 cm- l in its i.r. spectrum (KBr disc) is formulated as a 
coordinatively saturated, non-ionic complex of rhodium(I), containing a 
n-bonded tetraphenylborate anion, Rh(SPP) (n-PhBPh 3) (Fig. 3.9). 
Haines 131 has reported that [Rh{P(OMe) 3}5]+BPh4- readily forms 
Rh[p(OMe)3]2(n-PhBPh 3) on standing 1n air. In direct contrast, 
+ -[Rh(SPP)2] BPh
4 
shows no tendency to produce Rh(SPP) (n-PhBPh3) under 
similar conditions; hydrogen plays an integral role in the formation of 
Rh(SPP) (n-PhBPh 3) for reasons which will now be discussed. 
Gas volumetric measurements show that (IX) absorbs initially 
one mole of hydrogen in forming (XXXII). 
When the reaction is carried out in an n.m.r. tube, the n.m.r. 
+ -
spectrum is observed to change gradually from that of [Rh(SPP)2] BPh 4 to 
that of Rh(SPP) (n-PhBPh
3
). The final spectrum shows, however, additional 
signals at 6.62T (quartet, 3JHH = 7.5 Hz, relative intensity 2) and at 
8 . 88T (triplet, 3JHH = 7.5 Hz, relative intensity 3) (Fig. 3.10). 
Chromatography of the resultant solution yields two fractions only. The 
first fraction 1S a colourless oil, and gives rise to an n.m.r. spectrum 
in CDC1
3 
which shows aromatic resonances between 2-3T (relative 
3 intensity 14),a quartet at 6.62T ( J HH = 7.5 Hz, relative intensity 2), and 
3 a triplet at 8.88T ( J
HH 
= 7.5 Hz, relative intensity 3). This suggests 
the oil is ~-ethylphenyldiphenylphosphine, (£-CH3CH2C6H4PPh2)' the hydro-
genation product of SPP. The second fraction is easily identified as 
(XXXII) by its i.r. and n.m.r. spectra. 
Formation of the n-bonded tetraphenylborato-complex, (XXXII) is 
thus evidently accompanied by the hydrogenation of one of the SPP ligands 
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of (IX). The reaction scheme envisaged for the formation of 
Rh(SPP)(n-PhBPh
3
) is depicted ln Fig. 3.11. The first step of the scheme 
involves the oxidative addition of hydrogen to (IX) to form an inter-
mediate rhodium (III)-dihydride specles. Although this species cannot 
be detected by i.r. or n.m.r. spectroscopies, it is still considered to 
be a likely intermediate. Similar rhodium(III)-dihydride cations have 
b d b th 
110 , 12 8 , 130 , 132 d . f d 
een reporte y many au ors an , ln act, suggeste as 
intermediates ln the hydrogenation of olefinic ligands by other rhodium(I) 
61 110 complexes.' Once hydrogenation of one of the vinyl groups lS 
* effected, rapid attack of the negatively charged tetraphenylborate lon on 
the coordinatively unsaturated and positively charged rhodium atom lS 
expected to occur, with concomitant expulsion of the hydrogenated SPP 
ligand. 
It should be noted that (XXXII) reacts further with hydrogen. 
When a chloroform solution of (IX) is stirred in an atmosphere of hydrogen 
for 30 hours, two moles of hydrogen are consumed [per mole of (IX)] and 
an orange compound, which is extremely air-sensitive, is isolated. 
This reaction has not been investigated further. 
+ -(b) Reaction of [Rh(SPP)2 J BF4 (V) with Hydrogen 
When a chloroform solution of (V) is stirred ln an atmosphere 
of hydrogen, there is no reaction initially. After 30 hours, however, 
an orange, unstable compound is isolated. The product is, thus, 
analogous to that isolated after stirring (IX) in an atmosphere of 
hydrogen for 30 hours. There is no evidence for the formation of a 
* It lS also feasible that SPP may be displaced from rhodium before being 
hydrogenated. This is not considered to be very likely, however, ln 
view of the strong chelating properties of SPP (see Introduction and 
Chapter 2). 
CH 2 Ph 2 ~ P 
+/ 
Rh 
/ HC 
H C~ P 
Ph 2 2 
BPh4 
(Q/BPh3 
\ ' I 
, I 
\ I , 
\ , I 
\ , , 
! II 
2 
~ + 
Rh 
-H 2 / ?/H 
P H H2C Ph 2 
BPh4 
II 
Fig. 3.11. Postulated Reaction Mechanism for the Formation of 
Rh(SPP) (n-PhBPh3) 
ote: For convenIence, the rhodium(III) intermediate is 
depicted as the cis-dihydrido species. It is not 
meant to imply that this is necessarily the correct 
stereochemistry for the complex. 
72 
rhodium-hydride complex in the early stages of the reaction. This 
reaction has not been investigated further. 
+ -Reaction of [ru1(SPA)2 J BPh 4 (X) with Hydrogen 
When a chloroform solution of (X) is stirred in an atmosphere 
of hydrogen a yellow complex of empirical formula Rh(SPA) (BPh 4) , 
(XXXIII) is formed, which is monomer1C 1n chloroform and non-conducting 
in nitromethane (Table 3.1). The n.m.r. spectrum of the complex in 
CDC1 3 shows resonances attributable to an-bonded tetraphenylborate 
. 131,151 and th h . 1 b t 5 2 d 8 3 an1on, ree s arp v1ny resonances e ween . an . T 
(Table 3.7). The spectrum is similar to that of (XXXII) except for 
the high field vinyl resonance at 8.29T which 1S a doublet (with a 
fine structure due to geminal coupling of the two S-vinyl protons); 
1n the n.m.r. spectrum of (XXXII) this resonance appears as a doublet 
of doublets due to strong coupling of the S-vinyl proton with 31p 
4 ( J pH = 4.5 Hz). The i.r. spectrum (KBr disc) of (XXXIII) shows bands 
at 1390 and 1455 cm- l which confirm the presence of an-bonded 
151 tetraphenylborate anion in the complex. Thus, (XXXIII) is formulated 
as Rh(SPA) (n-PhBPh 3) (Fig. 3.9). 
~hen chloroform solutions of the iridium complexes (VII, VIII, 
XI and XII) are stirred in an atmosphere of hydrogen no reaction is 
observed. If vari ous reacti on times between a minute and an hour are 
used, there is still no detectable change in the i.r. and n .m.r. 
spectra of the complexes. This is surprising since both 
[Ir(COD) (PPh3)2J+BPh4- 128 and [Ir(diphoS)2 J+Cl -, (diphos = 
73 
1,2-bis(dlphenylphosphino)ethane, Ph 2PCH 2CH 2PPh 2] lS4 react readily with 
molecular hydrogen to form the correspondIng cationic iridlum(III)-
dihydride complexes. 
Reaction of Rh(SPP)2Cl with Sodium Cyclopentadienide 
When Rh(SPP)2Cl is treated with sodium cyclopentadienide 
+ -(Na CSHs ) in THF for six hours, and the product chromatographed, a 
bright-yellow crystalline complex of empirical formula Rh(SPP) (CSHS) 
(XXXIV) is obtained (in a low yield) which is monomeric in chloroform 
and non-conducting in nitromethane (Table 3.1). Free SPP is also 
isolated, by chromatography, as a by-product of the reaction. 
The proton n.m.r. spectrum of the complex shows aromatic 
resonances at 1.9-3.2T, a cyclopentadienyl resonance at 4.92T and vinyl 
resonances at S.46T (t. of doublets) , 6.83T (d. of doublets) and 8.60T 
103 31 . (d. of doublets) (Table 3.7) . Rh and P decoupllng of the spectrum 
resolves the three vinyl resonances into a triplet, a doublet and 
another doublet respectively, typical of coordinated SPP. Twenty-fold 
expansion of the spectrum reveals that the cyclopentadienyl resonance 
consists of a doublet of doublets (4J pH = 1.OS Hz, 3JRhH = 0.73 Hz). 
This suggests the cyclopentadienyl ligand is n-bonded to rhodium.lSS-lS7 
The i.r. spectrum (KBr disc) of the complex shows bands at 3010, 2922, 
l40S, 1020, 98S, 828 and 772 cm- l , all of which are absent In the i.r. 
spectrum (KBr dISC) of Rh(SPP)2Cl. Such bands are indicative of a 
n-bonded cyclopentadienyl ligand,158 in the complex and thus (XXXIV) is 
formulated as Rh(SP?) (n-CsHs) (Fig. 3.12). 
Fig. 3.12. Proposed Structure of Rh(SPP) (n-CSHS) 
Fig . 3.13. Proposed Structure of Rh(SPP) (acac) 
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Complex (XXXIV) may also be prepared by the reaction of 
+ 
Rh(SPP)2Cl with freshly sublimed thallium cyclopentadienide (Tl CSHS ) 
in chloroform/isopropanol, but again the yield of (XXXIV) is low. 
- -~octions of ~(SPP)2_X~,~(_X~=~C_l~,~B_r~)~w_i_t_h~2~,_4_-_P_e_n_t_~_e_d_l_'o_n_a_t_o_t_h_a_l_l_i_u_m~(~I) 
When either ~(SPP)2Cl or ~(SPp)2Br is refluxed with Tl(acac), 
(acac = 2,4-pentanedionato, MeCOCHCOMe-) in benzene/petrol (60°_80°) an 
air-sensitive, or~ge complex of empirical formula ~(SPP) (acac) 
(XXXV) is obtained. The complex is monomeric in chloroform and non-
conducting in nitromethane (Table 3.1). 
The n.m.r. spectrum of (XXXV) in C6D6 shows vinyl resonances 
similar to those observed in the spectra of (XXXII) and (XXXIV) 
(Table 3.7). In addition, resonances are observed at 8.121" and 8.261" 
(due to the methyl groups of acac) and at 4.721" (due to the methine 
proton of acac). The complex is therefore formulated as a square 
planar rhodium(I) complex containing chelated acac (Fig. 3.13). 
Conclusion 
The reactions discussed ln this Chapter are summarised ln 
the scheme (Fig. 3.14). 
+ 
The coordinatively unsaturated, four-coordinate cations, [ML 2J , 
react readily with neutral, n-bonding ligands to form the corresponding, 
five-coordinate, cationic complexes. Depending on the relative 
+ -
CO,BPh4 
(L=SPP) 
co 
(L=SPP) 
co 
tertiar 
phosph' e(P) 
CH2=CH2 
(M=Rh , L=SPP) 
+ -Na Cp 
(M=Rh, 
L=SPP) 
BF~ 
CH 2=CH 2 
(M=Rh,L=SPP) 
(M=Rh, 
L=SPP) 
PF6 ,CO (L=SPP) 
+ 
[j\1L 2 (P)] BF 4 + -[ML 2 (PF3)] BF4 
(M = Rh, Ir; L = SPP, SPA; E = P, As) 
Fig. 3.14. Reaction Scheme Relating Four- and Five-Coordinate 
Rhodium(I) and Iridium(I) Complexes of SPP and SPA 
... 
7S 
n-acceptor properties of the n-bonding ligands, these five-coordinate 
complexes are either stereochemically rigid or non-rigid in solution; 
the stronger the n-acceptor properties, the greater the tendency for 
+ 
the complex to be non-rigid. Thus, [RhL 2(CO)] appears to be stereo-
+ 
chemically less rigid than [RhL 2(PPh 2Me)] . 
Similarly, as arsen1C 1S considered to be a stronger n-acceptor 
+ than phosphorus, [M(SPA) 2(CO)] should be stereochemically less rigid 
+ than [M(SPP)2(CO)] . The low temperature n.m.r. spectra of these 
cations are complex, however, due to the presence of many 1somers, and 
no conclusions about the nature or relative rates of the intramolecular 
processes can be drawn. 
While non-rigidity appears to be a characteristic of many of 
the five-coordinate complexes described, there is no evidence for it 
+ in the four-coordinate cations, [ML 2] . This is not surprising as 
, + 
the analogous cations, [RhL 2(diene)] , (L' = pPh2Me~ diene = COD, NOR) 
1 
. . d . . 110 
are a so structurally r1g1 1n Solut1on. 
An important feature of the reactions of the four-coordinate 
+ cations, [ML
2
] , discussed in this Chapter is that they usually proceed 
without affecting the chelate structures of SPP and SPA. In contrast, 
, +' 
similar reactions with [RhL 2(diene)] , (L = tertiary phosphine; 
diene = COD, OR) often proceed with displacement of the diene. 110 
, + 
For example, when [RhL
2
(diene)] reacts wi th CO, the product isolated 
, + 
is the tricarbonyl cation, [RhL 2 (CO) 3] . It is only when the reaction 
1S carried out in the presence of a large excess of diene, that the 
, + 
monocarbonyl cation, [RhL 2(diene) (CO)] is isolated. The corresponding 
+ reaction of CO with [ML
2
] , however, invariably leads to the formation 
+ [ML
2 
(CO)] . (There is evidence for the of the monocarbonyl cation, 
+ 
formation of a small amount of dicarbonyl cation, [t-.lL 2 (CO) 2] , but this 
r--
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appears to be quite unstable and cannot be isolated). This reflects the 
strong tendency of SPP and SPA to form stable chelate complexes (see 
Introduction) . 
The llgands, SPP and SPA, are however easily displaced as their 
hydrogenated derivatlves (£-ethylphenyldiphenylphosphine and 
+ -~-ethylphenyldiphenylarsine) in the reaction of [RhL2J BPh 4 with hydrogen. 
Although the mechanism of this reaction is not well understood, it is 
proposed that the ligands are hydrogenated prior to their displacement 
from rhodium. Such a step necessarily destroys the chelating 
properties of the ligands, and thus facilitates their displacement from 
the complex. 
As the formation of Rh(SPP) (n-CSHS) and Rh(SPP) (acac), from 
Rh(SPP)2 Cl , involves the displacement of a strongly chelated SPP 
ligand, it is not surprising that both complexes can be formed only In 
low yields. If the formation of these complexes proceeds via the four-
+ -
coordinate intermediate, [Rh(SPP)2 J Cl , however, it should be 
possible to improve the yields considerably by carrying out the 
reactions in an atmosphere of hydrogen. Displacement of SPP by CSHS 
or acac would then be assisted by the hydrogenation of the vinyl group, 
+ -
In a manner analogous to that expected in the reaction of [RhL2J BPh 4 
with hydrogen. 
I 
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Experimental 
For general physical measurements, and the preparations of 
Experimental. 
1. Bis(Q-styryldiphenylphosphine)rhodium(I) Tetrafluoroborate, 
+ -[Rh(SPP)2] BF4_ 
(a) Silver tetrafluoroborate (AgBF4) (0 .05g, 0.28 mmol.) was 
added to a solution of Rh(SPP)2Cl (0.2g, 0.28 mmol.) in chloroform 
(20 ml) and the mixture stirred at room temperature for 5 minutes. 
The precipitate of AgCl was separated by filtration through Whatman's 
filter paper (No. 42). Concentration of the filtrate, by evaporation, 
+ -yielded orange crystals of [Rh(SPP)2] BF4 . (Yield 86%.) 
Found (%): C 62.50; H 4.13; P 8.28; Cl 0 
(b) The complex, Rh(SPP)2Cl (0.4g, 0.56 mmol.), in chloroform 
(20 ml) was stirred under reflux with sodium tetrafluoroborate (NaBF4) 
(0.2g, 1.87 mmol.) in isopropanol (30 ml) for 1 hour. The solution 
was filtered and the filtrate extracted with ether. Concentration of 
the ethereal extracts, by evaporation, yielded orange crystals of 
+ -[Rh(SPP)2] BF4 . (Yield 70%.) 
Found (%): C 64.03; H 4.61; P 8.20 
2. Bis(Q-styryldiphenylarsine)rhodium(I) Tetrafluoroborate, 
+ -[Rh(SPA)2] BF4_ 
(a) Silver tetrafluoroborate (AgBF4) (0.07g, 0.37 mmol.) was 
added to a solution of Rh(SPA)2Cl (0.3g, 0.37 mmol.) in chloroform 
(25 ml) and the mixture stirred at room temperature for 1 hour. The 
precipitate of AgCl was separated by filtration through Whatman's 
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fllter pape r (' 0 . 42) . Concentration of the filtrate, by evaporation, 
+ -
yie lded orange crystals of [Rh(SPP)2] BF4 . (Yield 84%.) 
Found (%): C 56.92; H 4.65 ; Cl 0 
RhC40H34As2BF 4 requlres: C 57.14; H 4.31; Cl 0 
(b) The complex was obtained from Rh(SPA) 2Cl and NaBF 4 by 
the procedure described in l(b). (Yield 70%.) 
3. Bis(Q-styryldiphenylphosphine)iridium(I) Tetrafluoroborate, 
+ -[Ir(SPP) 2] BF 4-
The red complex was obtained from Ir(SPP)2Cl and AgBF 4 or 
aBF
4 
by the method described ln lea) or l(b) respectively. 
(Yields 93%, 72% respectively.) 
Found (%): C 56.09; H 3.81; Cl 0 
C 56.14; H 3.98; C10. 
4. Bis(Q-styryldiphenylarsine)iri dium(I) Tetrafluoroborate, 
+ -[Ir(SPA) 2] BF 4-
The red complex was obtained from Ir(SPA)2Cl and AgBF 4 by the 
method described in 2(a). (Yield 80%.) 
Found (%): C 50.64; H 3.47; Cl 0 
5. Bis(Q-styryldiphenylphosphine)rhodium(I) Tetraphenylborate, 
+ -[Rh(SPP)2] BPh 4_ 
Sodium tetraphenylborate ( aBPh 4) (0 . 5g, 1.46 mmol.) was 
added to a solution of Rh(SPP)2Cl (0.5g, 0.7 mmol.) in chloroform 
(25 ml) and the mixture stirred at room temperature for 5 minutes. 
The precipitate of aCl (and unreacted aBPh 4) was separated by 
centrifugation. Concentration of the supernatant solution, by evapora-
+ -
tion, yielded orange crystals of [Rh(SPP)2] BPh 4 . (Yield 77%.) 
r-
L 
C 76.59; Ii 5. 16; P 6. ~O ; C 1 0 
C 7b.88; H 5.45; P 6.20; C10. 
6. Bis(Q-styryldiphenylarsine)rhodlum(I) Tetraphenylborate, 
+ -[Rh(SPA)2J BPh 4_ 
Sodium tetraphenylborate ( aBPh 4) (0.5g, 1.46 mmol.) was 
added to a solution of Rh(SPA)2Cl (0.5g, 0.7 mmol.) in chloroform 
(25 ml) and the mixture stirred at room temperature for 1 hour. The 
precipitate of aCl (and unreacted NaBPh4) was separated by centri -
fugation. Concentration of the supernatant solution, by evaporation, 
+ -yielded orange crystals of [Rh(SPA)2 J BPh 4 . (Yield 65%.) 
Found (%): C 70.70; H 4.95; Cl 0 
7. Bis(Q-styryldiphenylphosphine)iridium(I) Tetraphenylborate, 
+ -[Ir(SPP)2J BPh 4_ 
The red complex was prepared from Ir(SPP)2Cl and aBPh 4 by 
the procedure des cribed in 5. (Yie ld 73%.) 
Found (%): C 70.44; H 4.82; Cl 0 
IrC64H54P 2B requires: C 70.65; 
H 4.97; Cl 0 
8 . Bis(Q-styryldiphenylarsine)iridium(I) Tetraphenylborate, 
+ -[Ir(SPA)2J BPh 4_ 
The red complex was prepared from Ir(SPA) 2Cl and aBPh 4 by 
the procedure described in 6. (Yield 65%. ) 
Found (%): C 65.50; H 4.67; Cl O· -
IrC64H54As2B requires: C 65.36; H 4.60; Cl O. 
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9 . Carbonylbis(Q-styryldiphenylphosphine)rhodium(I) Tetrafluoroborate, 
+ -[Rh(SPP)2(CO)J BF4_ 
(a) Carbon monoxide was passed through an orange solution of 
+ -[Rh(SPP)2 J BF4 (0.2g, 0.28 mmol.) in chloroform (ca . 5 ml) at room 
temperature. ~hen the solution had turned yellow (after ca. 1 minute) 
.... 
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the solvent was removed by evaporation and the pale-yellow product 
recrystallised from a minimum amount of ethanol. (Yield 93%.) 
Found (%): C 61.64; H 4.22; P 7.46 
(b) Carbon monoxide was passed through a slurry of Rh (SPP) 2Cl 
(0 . 4g, 0.56 mmol.) and NaBF4 (0.2g, 1.87 mmol.) in dichloromethane/ 
methanol (or chloroform/methanol) (1:1, 40 ml) at room temperature for 
i hour. The mixture was evaporated to dryness and the residue 
extracted with dichloromethane. Dichloromethane was then removed, by 
evaporation , and the pale-yellow product recrystallised from a mini-
mum amount of ethanol. (Yie ld 80%.) 
10. Carbonylbis(Q-styryldiphenylarsine)rhodium(I) Tetrafluoroborate, 
+ -[Rh(SPA)2(CO)] BF4_ 
+ -
The pale-yellow complex was prepared from [Rh(SPA) 2] BF4 
and CO by the method described in 9(a) and from Rh(SPA)2Cl , NaBF4 and 
CO by the method described in 9(b). (Yields 89%, 80% respectively.) 
Found (%) : C 55.62; H 3.80 
11. Carbonylbis(Q-styryldiphenylphosphine)iridium(I) Tetrafluoroborate, 
+ -Jlr(SPP)2(CO)] BF 4_ 
+ -
The white complex was prepared from [Ir(SPP)2] BF4 and CO 
by the method described in 9(a) and from Ir(SPP)2Cl , NaBF 4 and CO by 
the method described in 9(b). (Yields 94%, 80% respectively.) 
Found (%): C 55.38; H 4.22 
.... 
12. Carbonylbis(Q-styryldiphenylarsine)lridium(I) Tetrafluoroborate, 
+ -[Ir(SPA)2(CO)] BF4_ 
+ -
The white complex was prepared from [Ir(SPA)2] BF4 and CO 
by the method described in 9(a) and from Ir(SPA)2Cl , NaBF4 and CO by 
the method described in 9(b). (Yields 87%, 72% respectively.) 
Found (%): C 50.59; H 3.37 
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13. Carbonylbis (Q-styryldiphenylphosphine) rhodium(I) Tetraphenylborate, 
+ -[Rh(SPP)2(CO)] BPh 4_ 
+ -
The pale-yellow complex was prepared from [Rh(SPP)2] BPh 4 and 
CO by the method described in 9(a) and from Rh(SPP)2Cl , NaBPh 4 and CO 
by the method described in 9(b). (Yields 91%, 73% respectively.) 
Found (%): C 76.25; H 5.41; P 5.55 
C 76.02; H 5.26; P 6.04. 
14. Carbonylbis(Q-styryldiphenylphosphine)iridium(I) Tetraphenylborate, 
+ -[Ir(SPP)2(CO)] BPh 4_ 
+ -The white complex was prepared from [Ir(SPP)2] BPh4 and CO 
by the method described in 9(a) and from Ir(SPP)2Cl, NaBPh 4 and CO by 
the method described in 9(b). (Yields 86%, 79% respectively.) 
Found (%): C 69.84; H 4.90 
C 69.96; H 4.84. 
15. Carbonylbis(Q-styryldiphenylphosphine)rhodium(I) Hexafluorophosphate, 
+ -[Rh(SPP)2(CO)] PF6_ 
The pale-ye llow complex was prepared from Rh(SPP)2 Cl , H4PF6 
and CO by the method described in 9(b). (Yield 81%. ) 
Found (%): C 57.58; H 3.99 ; P 10.93 
RhC4lH340P 3F 6 requires: C 57.75; 
H 3.99 ; P 10.91. 
..... 
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16. Carbonylbis(Q-styryldiphenylphosphine)iridlum(I) Hexafluorophosphate, 
+ -[Ir(SPP) 2 (CO)] PF 6-
The white complex was prepared from Ir(SPP)2Cl , H4PF6 and CO 
by the method described in 9(b). (Yield 84% .) 
Found (%): C 52.47; H 3.70 
C 52.28; H 3.61. 
17. Trifluorophosphinebis (Q-styryldiphenylphosphine) rhodium( I) 
+ -
Tetrafluoroborate, [Rh(SPP)2(PF 3)] BF4_ 
Trifluorophosphine (PF 3) was purified by passlng the gas 
through a dry-ice/acetone trap, and then bubbled into a solution of 
+ -[Rh(SPP)2] BF4 (0.2g, 0.26 mmol.) in chloroform (ca. 5 ml). When the 
solution had turned yellow (after ca. 1 minute), the solvent was 
removed by evaporation and the pale-yellow residue recrystallised from 
a minimum amount of ethanol. (Yield 78%.) 
Found (%): C 56.29; H 4.22; P 10.03 
C 56.21; H 3.98; P 10.89. 
18. Trifluorophosphinebis(Q-styryldiphenylarsine)rhodium(I) 
+ _ 
Tetrafluoroborate, [Rh(SPA)2(PF3)] BF4_ 
+ -
The pale-yellow complex was prepared from [Rh(SPA) 2] BF 4 and 
PF
3 
by the method described in 17. (Yield 77%.) 
Found (%): C 51.22; H 3.90; P 2 .93 
19. Trifluorophosphinebis(Q-styryldiphenylphosphine)lridium(I) 
+ -
Tetrafluoroborate, [Ir(SPP)2(PF3)] BF 4_ 
+ -
The white complex was prepared from [Ir(SPP)2] BF4 and PF 3 
by the method described in 17. (Yield 71% .) 
Found (%): C 5 1. 12 ; H 3. 45 
C 50.90; H 3.61. 
20. Tri fluoroph osphinebis (9-S tyry Idipheny larsine) iridium(I ) 
+ -Tetrafluoroborate, [Ir(SPA)2(PF 3)] BF4_ 
The white complex was prepared from [Ir(SPA)2] BF4 and PF3 
by the method described in 17. (Yield 68%.) 
Found (%): C 46.04; H 3.08 
21. Methyldiphenylphosphinebis(Q-styryldiphenylphosphine)rhodium(I) 
+ -Tetrafluoroborate, [Rh(SPP)2(PPh 2Me)] BF4_ 
Methyldiphenylphosphine (PPh 2Me) (0.08g, 0.4 mmol.) was 
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+ -
stirred with a solution of [Rh(SPP)2] BF4 (0.3g, 0.39 mmol.) In chloro-
form (20 ml) at room temperature for ~ hour. The solution was 
evaporated to a small volume and the product precipitated with 
+ -~-pentane. Pale-yellow crystals of [Rh(SPP)2(PPh2Me)] BF4 were 
obtained when the product was recrystallised from a minimum amount of 
ethanol. (Yie Id 86%.) 
Found (%): C 65.90; H 5.08; P 9 . 11 
C 65.84; H 4.87; P 9 . 36 . 
22. Methyldiphenylphosphinebis(Q-styryldiphenylarsine)rhodium(I) 
+ -Tetrafluoroborate, [Rh(SPA)2(PPh 2Me)] BF4_ 
+ -
The pale-yellow complex was prepared from [Rh(SPA)2] BF4 
and PPh
2
Me by the method described in 21. (Yield 88% . ) 
Found (%): C 59.99; H 4 . 66; P 3 . 06 
23. Methyldiphenylphosphinebis(Q-styryldiphenylphosphine) iridium(I ) 
+ -
Tetrafluoroborate, [Ir(SPP)2(PPh 2Me)] BF4_ 
+ -
The white complex was prepared from [Ir(SPP)2] BF4 and 
PPh 2Me by the method described in 21. (Yield 93%. ) 
Found (%): C 60.49; H 4 .93 
C 60 . 28; H 4 .45 . 
..... 
24. Methyldiphenylphosphinebis (Q-styryldiphenylarsine) iridium(1) 
+ -
Tetrafluoroborate, [1r(SPA)2(PPh 2 Ie)J BF4_ 
+ -
The white complex was prepared from [1r(SPA)2J BF4 and 
PPh
2
Me by the method described ln 21. (Yield 89%.) 
Found (%): C 55.39; H 4.01 
25. Triphenylphosphinebis (Q-styryldiphenylphosphine) rhodium (I) 
+ -
Tetrafluoroborate, [Rh(SPP)2(PPh 3)J BF4_ 
+ -
The pale-yellow complex was prepared from [Rh(SPP) 2J BF 4 
84 
and triphenylphosphine (PPh 3) by the method described in 21. (Yield 80%.) 
Found (%): C 67.60; H 5.08; P 8.82 
C 67.70; H 4.77; P 9.05. 
26. Ethylenebis(~-styryldiphenylphosphine)rhodium(1) 
+ -
Tetrafluoroborate, [Rh(SPP)2(CH2=CH 2)J BF4_ 
+ -
Ethylene was bubbled through a solution of [Rh(SPP)2J BF4 
(0.3g, 0.39 rnrnol.) in dichloromethane (ca. 5 ml) at room temperature 
until the solution turned yellow. Ethanol (ca. 5 ml) was then added 
and the dichloromethane removed under a stream of ethylene. The 
pale-orange precipitate was centrifuged under ethylene and the super-
natant liquid decanted . The precipitate was washed thoroughly with 
* 
ethanol and dried in a stream of ethylene. (Yield ca. 80%.) 
27. Ethylenebis(Q-styryldiphenylphosphine)rhodium(1) 
+ -
Tetraphenylborate, [Rh(SPP)2(CH2=CH 2)] BPh 4_ 
+ -
The pale-orange complex was prepared from [Rh(SPP)2J BPh 4 
* 
and ethylene by the method described in 26. (Yield ca. 80%.) 
* Satisfactory analytical data could not be obtained for this complex 
as all attempts to completely remove solvent (ethanol) from the 
complex resulted in the loss of ethylene. 
... 
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28. Tetraphenylborato( o-styryldiphenylphosphine)rhodium(I) . 
(Rh(SPP) (n-PhBPh 3L 
+ -The complex [Rh(SPP)2 J BPh 4 (0.25g, 0.25 mmol.) was dissolved 
ln dichloromethane (20 ml) (either chloroform or chlorobenzene may be 
used as alternative solvents) and stirred in an atmosphere of hydrogen 
at room temperature. After the solution had turned yellow (ca. 6 
minutes), the solvent was removed by evaporation and the yellow residue 
was recrystallised from dichloromethane/!!-hexane. (Yield 75%.) 
Found (%): C 73.88; H 5.01; P 4.51; M.W. 693 
C 74.37; H 5.21; P 4.37; M.W. 710. 
29. Tetraphenylborato(Q-styryldiphenylarsine)rhodium(I). 
Rh(SPA) (n-PhBPh 3L 
+ -
The yellow complex was prepared from [Rh(SPA)2J BPh 4 by the 
procedure described ln 28. (Yield 72%.) 
Found (%): C 69.76; H 4.66; M.W. 729 
C 70.03; H 4.91; M.W. 754. 
30. n_Cyclopentadienyl(o-styryldiphenylphosphine)rhodium(I). 
Rh (S P P) (n - C s!:!.sl 
+ -(a) Sodium cyclopentadienide (Na C5H5 ) was prepared by the 
159 following method. A suspension of sodium flakes (0.46g, 20 mmol.) 
in THF (50 ml) was added dropwise to freshly cracked cyclopentadiene 
(1.6g, 25 mmol.) in THF (50 ml). The mixture was allowed to stand in 
an ice-bath for 16 hours under a slow stream of nitrogen. Unreacted 
sodium particles were removed and the pink solution set aside for 
reaction with Rh(SPP)2 Cl . 
The complex, Rh(SPP)2Cl (0.4g, 0.57 mmol.) , freshly prepared 
and dried under vacuum, in THF (30 ml) was added dropwise to a stirred 
solution of sodium free, sodium cyclopentadienide. Stirring was 
continued for a further 6 hours, after which the solution was immersed 
..... 
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ln an ice-bath and aqueous ethanol added cautiously to remove any 
remaining sodium cyclopentadienide. The solvent was then removed by 
evaporation and the residue dissolved in a minimum amount of benzene . 
When the resultant solution was eluted on silica gel (70-325 mesh ASTM) 
with benzene, a yellow fraction was obtained which, on evaporation of 
the benzene solvent, yielded a yellow oil. This oil was recrystallised 
from isopentane at -78°C to give bright-yellow needles of 
Rh(SPP) (n-C5H5). (Yield 30%.) 
Found (%): C 65.71; H 5.06; P 6.63; M.W.437 
C 65.78; H 4.82; P 6.80; M.W. 456. 
(b) The complex, Rh(SPP)2Cl, (0.3g, 0.42 rnmol.) was dissolved 
ln chloroform (20 ml) and stirred with a solution of freshly sublimed 
+ thallium cyclopentadienide (Tl C5H5 ) (0.2g, 0.76 mmol.) in isopropanol 
(10 ml) at room temperature for 3/4 hour. The dark brown solution 
produced was filtered and evaporated to dryness. The residue was 
dissolved in a minimum amount of dry benzene and eluted on silica gel 
(70-325 mesh ASTM) with benzene. Again, the yellow fraction isolated 
contained Rh(SPP) (n-C5H5), which was collected and recrystallised as 
described in 30 (a) . (Yield 25%.) 
31. 2,4_Pentanedionato(o-styryldiphenylphosphine)rhodium(I) . 
Rh(SPP) (MeCOCHCOMe) 
2,4-Pentanedionatothallium(I) (0.17g, 0 . 56 rnmol.) was stirred 
with Rh(SPP)2X, (X = Cl, Br) (0.56 mmol.) in benzene/petrol (60°-80°C) 
(1:4, 30 ml) under reflux for 4~ hours. The cream precipitate of 
thallium chloride was centrifuged, the dark-red supernatant solution 
decanted, and evaporated to a small volume. The orange complex 
was precipitated by addition of ~-pentane and recrystallised from 
benzene/n-hexane. (Yield 25%.) 
Found (%): C 61.12; H 4.75; P 6.98 
RhC25H2402P requires: C 61.22; H 4.90; P 6.33. 
.. 
..... 
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32. Absorption of Hydrogen by [Rh(SPP)2] BPh 4_ 
+ -Gas uptake in the reaction of [Rh(SPP)2] BPh 4 with hydrogen 
was measured using a constant pressure gas burette. A flask containing 
+ -
chlorobenzene and [Rh(SPP) 2] BPh 4 in a ben side-arm tube (Fig. 3.15) 
was connected to the burette via a stopcock . The burette and flask 
were flushed with hydrogen and then evacuated completely by two 
freeze-thaw cycles. The flask was then immersed in a cons tant tempera-
ture water bath (maintained at room temperature) and the temperature 
allowed to rlse to room temperature with the stopcock open. After an 
equilibrium saturation pressure of chlorobenzene had been reached in 
the gas burette, hydrogen was admitted to the system, and the pressure 
adjusted to atmospheric pressure. Stirring of the chlorobenzene solvent 
+ -
was commenced and the bent side-arm, containing [Rh(SPP)2] BPh 4 , was 
twisted, causing the complex to drop into the solvent. During the 
reaction, the pressure of gas in the burette was constantly adjusted 
to atmospheric pressure. When the reaction mixture had turned yellow 
(after ca. 6 minutes) stirring was ceased and the volume of gas 
consumed in the reaction was measured. 
I Gas Burette 
..... -- Stopcock 
Chlorobenzene 
Fig. 3.15. Reaction Flask Used to Measure the Absorption of 
+ -Hydrogen by [Rh(SPP)2] BPh4 
r-
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CHAPTER 4 
Rhodium(III) and Iridium(III) Complexes Derived From 
Q-Styryldiphenylphosphine and o-Allylphenyldiphenylphosphine 
88 
8 Oxidative addition reactions of d metal complexes with simple 
molecules (A-B) are believed to occur via e1ectrophi1ic attack of A-B 
th t 1 83,104,121,122 on e me a . Thus, for a given metal in a given oxida-
tion state the tendency for the metal to undergo oxidative addition 
increases as the electron density on the metal increases. Phosphine 
ligands , which have stronger "a-donor" and weaker "n-acceptor" propert-
les than olefinic ligands, therefore , promote oxidative addition. Thus, 
the complex [Ir(C8H14 )2(CO)Cl]2 is not protonated by dilute HCl, 
whereas Ir(PPh3)2(CO)Cl reacts readily with HCl to form 
Ir(PPh3)2(CO) (H)C1 2 · 
104 
Coordinatively unsaturated d8 metal-olefin complexes do under-
go some oxidative addition reactions, however. For example, the complexes 
Ir(COD) (L)Cl, (L = PPh3 , AsPh 3 , PPh 2Me) react with hydrogen halides 
(HX), (X = Cl, Br, I) to give Ir(COD) (L) (H)C1 2 .
160 Similarly, HCl adds 
to [Rh(C 2H4) (CO)Cl]2 to form an unstable compound, [Rh(C 2HS)C1 2(CO)]x' 
which reacts with dimethylphenylphosphine (PPhMe 2) to form 
112 Rh(C 2HS)COC1 2 (PPruMe 2)2' Additions of HCl to other rhodium(I)-olefin 
complexes have also been described. 161 
73 76 Recently, Bennett et al. ' 
have reported the additions of halogens to some chelate mono-olefin 
complexes of palladium(II) and platinum(II), and also the addition of 
HCl or HBr to M(SPP) (CO) 3' (M = Fe, Ru)S7 (see Introduction). In this 
Chapter, the reactions of HCl with some complexes of rhodium and 
iridium, which are prepared in situ by the reaction of [1(CO)2C1 2]-' 
(M = Rh, Ir) with ~-styryldiphenylphosphine (SPP) and ~-allylpheny1-
diphenylphosphine (APP), are reported . 
r-
-
89 
It is first necessary to consider, however, the way in which 
the stereochemistrIes of octahedral rhodlum(III) and IridIum(III) 
complexes may be assigned. The disposition of Cl atoms In rhodium(III) 
and iridium(III) complexes can often be determIned by far i.r. spectro-
scopy. umerous studies indicate that the rhodium-chlorIne and iridium-
chlorine stretching frequencies are influenced markedly by the ligand 
trans to the Cl atom. Thus , rhodium complexes show v(RhCl) bands at 
-1 -1 340-310 cm (Cl trans to Cl) , 310-295 cm (Cl trans to CO), 
-1 -1 99 162 163 290-265 cm (Cl trans to P) and 240-230 cm (Cl trans to C), , , 
-1 
while iridium complexes show v(IrCl) bands at 335-315 cm (Cl trans 
to Cl), -1 -1 315-295 cm (Cl trans to CO), 290-260 cm (Cl trans to P) and 
270-220 cm -1 (C 1 t r an s to C). 99, 164 -166 
The stereochemistries of rhodium(III) and iridium(III) 
complexes containing methylphosphines [(CH3) PPh3 ] are often evident n -n 
162 167 from the proton n.m.r. spectra of the complexes. ' Complexes which 
contain trans phosphine ligands often show a virtual triplet for the 
methyl resonances, due to strong coupling between the two 3l p nuclei. 
The spin system may be described as X AA'X ' (X = H, A = P) in which 
n n 
J » 
M' 
J
AX 
- J AX ' 1.168 When the phosphines are CIS In the 
1 h 3lp . d lId comp ex, t e two nucleI 0 not coup e strong y an J M , and 
are small. As a result, the X part of the spectrum (methyl protons) 
sho\s a doublet for each inequivalent methyl group. Thus, the proton 
n.m.r. spectrum of mer-[IrC1 3 (PPhMe 2)3] (Fig. 4.1) shows a triplet at 
8.09T (J pH = 4.5 Hz), due to the methyl groups attached to the strongly 
31 
coupled trans P nuclei, and a doublet at 8.75T (J pH = 11 Hz), due to 
the methyl groups of the third phosphine (trans to Cl). 167 
It should be noted that, although this rule appears to hold for 
octahedral rhodium(III) and iridium(III) complexes of tertIary phos-
phines, it is not generally reliable for other types of metal 
.... 
Ir 
Cl 
~pPhMe 
2 
Cl CO 
(o-tol)2 
- P /C1 ~ CH D ~Rh Rh/ 
CH/ ~Cl/ ~p 
2 
CO Cl 
Fig. 4.2. Proposed Structure of 
I I 
[RhC 12 (CO) {£.-CH2C 6H 4 P (o-tol) 2}] 2 
... 
..... 
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complexes.' In particular, it has been found to be unreliable in 
+ -
assigning the stereochemistries of [Rh(diene)P 2J A , (diene = OR, COD; 
. h h' - d' " ) 110 d h h P = tert1ary p osp 1ne; A = non-coor 1nat1ng an10n an t us, t e 
rule is not necessarily applicable to the rhodium(I) and iridium(I) 
complexes of SPP and SPA discussed 1n Chapters 2 and 3. 
Reactions of [M(CO)2C12J-, (M = Rh, Ir), with HCl and Olefinic Tertiary 
Phosphines 
When carbon monoxide is passed through a refluxing solution 
of rhodium trichloride trihydrate (RhC1 3 .3H20) in methanol or ethanol, 
a yellow solution is obtained which contains the dichlorodicarbonyl-
rhodate(I) anion. 171 Carbon dioxide is evolved in the reaction and 
thus the reduction of rhodium(III) to rhodium(I ) probably proceeds via 
Equation 4.1. Hydrogen ions are generated in the reaction, and thus 
+ 
+ Cl + 2H + CO 2 + 2H 20 ... (4.1) 
the freshly carbonylated solution provides a convenient source of 
When this solution 1S refluxed with SPP or APP (1 mole per 
mole of rhodium complex) for 5 hours, yellow complexes, (A) and (!), 
of empirical formulaeJRh(SPP) (CO)C1 2 and Rh(APP) (CO)C1 2 respectivel~ 
are obtained. 
Similar reactions are noted when iridium trichloride tr i -
hydrate (IrC1 3 . 3H 20) is carbonylated in refluxing ethanol or 
2-methoxyethanol for several hours and then treated with SPP or APP. 
The yellow, carbonylated solution contains the dichlorodicarbonyliridate ( I ) 
.... 
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172 
anIon, and by analogy wIth the correspondIng reactIon of RhC1 3 .3H20 
(Eqn. 4.1), is expected to contain HCl also. The products isolated, 
(f) and (Q),after refluxing the freshly carbonylated solution of 
IrC1 3 .3H20 with SPP or APP are white and have empirical formulae J 
Ir(SPP)COC1 2 and Ir(APP)COC1 2 respectively. 
The i.r. spectra of complexes (A - D) (Table 4.1) show v(CO) 
-1 bands at > 2040 cm ,which suggest that the oxidation state of the 
metal In each complex is +3. The i.r. spectra also show that free 
vinyl groups are absent in the complexes and thus (A - Q) are likely to 
be products of the oxidative addition of HCl to rhodium(I) or iridium(I) 
complexes prepared in situ from [M(CO)2C12]-' (M = Rh, Ir),and SPP or 
APP. 
The physical and chemical properties of (A - D) closely 
I 
resemble those of [RhC12(CO){~-CH2C6H4P(Q-tol)2}]2'(~) (~-tol = 
Q-CH3C6HS) which is obtained from reactions involving hydrated rhodium 
. hI' d d' 1 1 h h' 163 h 1 (A E) trlc orl e an trl-~-to y p osp lne. T e comp exes _ - _ are 
extremely insoluble in all organic solvents and react with monodentate 
phosphines to form monomeric rhodium(III) [or iridium(III)] complexes. 
Complex CI) is thought to be a dimeric, chlorine-bridged, chelate 
complex of rhodium(III) (Fig. 4.2) and thus it is likely that (A - D) 
have similar structures. 
Molecular weight measurements cannot be carried out on (6 - E), 
oWIng to the insolubility of the complexes. The far l.r. spectra of 
-1 (A - Q) show many bands in the region 340-230 cm Undoubtedly, some 
of these bands are due to metal-chlorine stretching modes, but the 
large number of bands observed for each complex prevents the assignment 
of a particular stereochemical arrangement of Cl atoms in each of the 
complexes. 
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TABLE 4.1 
Infra-Red Spectra of Some Rhodium(III) and Iridium(III) Comp1exes a 
Reference 
umber Complex v(CO) Far I. R. -1 (cm ) 
of Comp lex (cm-1) 
j I 
(A) [RhC1 2 (CO){o-CH(CH )C H PPh }] 
2077 328, 317, 295, 
- 364 2 2 265, 230 
I I 
C~) [RhC1 2 (CO){O-CH(CH2CH )C H PPh }] 2084 
337, 320, 309 , 
- 364 2 2 278 , 230 
, I 
(~) [IrC1 2(CO){o-CH(CH3)C H PPh }] 
2056 332, 322, 301 , 
- 6 4 2 2 255 , 230 
(Q) See text 2042 330, 320, 310 , 258, 245 , 230 
• 163 388, (~) [RhC12(CO){~-CH2C6H4P(o-t01) 2} ] 2 2090- 314, 286, 2070 270 , 253 , 228 
, I 
(f) RhC12(CO){~-CH(CH3)C6H4PPh 2}(PPh2Me) 2052 322, 276, 270, 235 
I I 
(~) RhC1 2 (CO){O-CH(CH3)C H PPh } (PPhMe ) 
2049 324 , 320, 277 , 
- 6 4 2 2 270 , 235 
, I 
(H) RhC12(CO) {~-CH(CH3)C6H4PPh2}(PPh3) 2058 322, 276, 265, 235 
j I 
(J) RhC1 2 (CO) {o -CH(CH2CH )C H4PPh }(PPh Me) 2056 
339, 309, 270, 
- 362 2 240 
I I 
c.!5) RhC12 (CO){~-CH(CH2CH3)C6H4PPh2}(PPh3) 2058 340, 311, 270, 240 
, I 2044, (M) IrC12(CO){~-CH(CH3)C6H4PPh2}(pPh2Me) 204lsh. 315, 293 
, I 
(N) IrC12(CO){~-CH(CH3)C6H4PPh2}(PPh3) 2050 318,295 
(Q) See text 2039 b 
(~) See text 2044 b 
(T) [Rh(SPP)2(CO)]+[Rh(CO)2C1 2]-
2060, 
2039, b 
1980 
(W) [Rh(SPP) (CO)Cl ? 2009 c b 
a b c 1easured as nujol mulls. ot measured, Measured In CHC1 3 , 
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The proton I • m. r. spectra of the monodenta te phosphine 
* derivatives of (A - Q) reveal that the bidentate phosphines are chelated 
vIa a phosphorus-metal bond and a metal-carbon a-bond (Fig. 4.3). 
The n.m.r. spectra further indicate that saturation of the double 
bond follows Markownikoff's rule and that (A - Q) can best be formul-
ated as shown below: 
, r 
A. [RhC1 2 (CO) {£.-CH(CH3)C6H4PPh 2}] 2 
I I 
B. [RhC 12 (CO) {£.-CH (CH 2CH3) C 6H 4 PPh 2}] 2 
I I 
C. [IrC1 2 (CO) {£.-CH(CH3)C6H4PPh 2}] 2 
D. A mixture of dimeric iridium(III) complexes 
containing bidentate ligands derived from APP. 
I , 
Reactions of [RhC1 2 (CO) {o-CH(CH3~~PPh2112 ® With Monodentate 
Phosphines 
When (A) is treated with monodentate phosphines (L), 
(L = PPh2Me, PPhMe 2, PPh3), (1 mole per mole of rhodium complex) 
yellow solutions are obtained from which yellow, crystalline complexes, 
(I), (~) and (H), of empirical formulae Rh(SPP) (CO)C1 2(L) can be 
** obtained. Each complex is monomeric in chloroform and shows one 
-1 
v(CO) band In its i.r. spectrum at > 2045 cm The i.r. spectra 
also show the absence of free vinyl groups in the complexes. 
* 
"The bidentate phosphines" refers to the ligands which are deriva-
tives of SPP and APP. 
** For the reference letters of all complexes used In this Chapter, 
see Table 4.1 and Fig. 4.3. 
CO Cl 
(~) P \ /Cl ( I CO 
" /" 
(G) ( Rh Rh CH/ I "P /1" CH P 
(H) I Cl I CH3 CH Cl 3 
fH3 CO Cl 
CH I Cl I p) ( " / " ,/ Rh Rh 
/'" " /" " P I Cl I CH 
Cl CO tH 
3 
1 APP ,HCl 
H3CyH2 co Cl 
CH I Cl I p) ( .......... /'" .......... / Rh Rh 
P/"'I'Cl/"'I .......... CH 
Cl co ~H CH 
2 3 
co Cl 
P I Cl 
(J) (" ,/ 
- Rh 
(K) CH/ I" P 
P I CO 
( " Rh/ 
CH'/ I "P 
- I 
H CCH Cl 
3 2 
, 
H CCH Cl 
3 2 ' 
Cl 
PIP ( " / Ir 
CH/ I" Cl 
I CH C1 
3 
yH3 CO Cl 
CH I C1 I p) ( "/ "/,, Ir Ir 
.,/ " /" " P I C1 I CH 
C1 CO hH 
3 
r HCl ,SPP 
1 APP,HCl 
(c) 
-
A mixture of dimeric (D) 
iridium(III) complexes containing -
ligands derived from APP 
A mixture of monomeric ) 
iridiurn(III) complexes containing() (5) 
cis and trans phosphines 
(P~ = Ph 2PC 6H4, P = monodentate phosphine) 
Fig. 4.3. Scheme Relating Rhodium(III) and Iridium(III) Complexes Which 
Contain Bidentate Phosphines Derived From SPP and APP. 
... 
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The proton n.m.r. spectrum of the recrystallised complex (F) 
In CDC1 3 shows, in addition to aromatic resonances between 2.1 and 
3.0T (relative intensity 24), a multiplet at 6.2T (relative intensity 
1), a pair of doublets at 7.58T (relative intensity 3) and a doublet 
at 8 . 74T (relative intensity 3) (Fig. 4.4) (Table 4.2). Proton 
decoupling experiments show that the protons which resonate at 6.2T 
• 
and 8 . 74T are coupled (3JHH = 7 Hz), and 3l p decoupling of the spectrum 
results in the collapse of the pair of doublets at 7.58T into a 
singlet. Thus , the last three resonances may be assigned to the CH 
protons of the bidentate phosphine (6.2T), the CH3 protons of 
coordinated PPh 2Me (7.58T) and the CH3 protons of the bidentate phos-
phine (8.74T), consistent with the stereochemistry shown in 
Fig. 4.5(i). There is evidence of weak 103 Rh coupling with the alkyl 
protons of both phosphine ligands, but this IS too small « 1 Hz) to 
account for any of the observed splittings. A similar, small coupling 
103 has been observed between Rh and the ethyl protons In 
112 Rh(C 2H5) (CO)C1 2 (PPhMe 2)2' This contrasts with the comparatively 
larger rhodium-proton coupling constants (~. 3 Hz) in rhodium(I)-
olefin complexes (see Chapters 2 and 3). 
The phosphorus atoms are located in a trans configuration 
In the suggested stereochemistry of the complex as cis phosphines 
should gIve rIse to only a doublet for the methyl resonance of 
PPh 2Me.
162
,16 7 31 d . f h h f Also, P ecoupllng 0 t e met yl resonance 0 
PPh 2Me shows that the methyl protons are coupled strongly to two 3l
p 
nuclei. The RhP(Spp)p (PPh
2
Me) part of the n.m.r. spectrum may be 
analysed as an ABX spin system, with X being Rh, and A and B being 
th . . 1 31 . e two InequIva ent P nucleI. The results of this analysis show 
* * that JAB = 450 Hz and 0A - 0B = 1325 Hz. The value of JAB confirms 
* Dr R. Bramley calculated these parameters, by performing spIn-
tickling experiments on the methyl resonances of PPh 2Me. 
I 6 . 2 7. 58 8 74 T 
. . : • : I : ... I. : . : I : . : • I.: : I : • : . I. : . : I : . : . I. : , : I : , : , I , : , : I : . : , 
Fig . 4.4. 
I I 
Proton . 1.R. Spectrum of RhC12(CO){~-CH(CH3)C6H4PPh2}(pPh2Me). (CDC1 3) 
... 
CO Cl 
Ph Cl Ph 2 0 
D' p~ / D 
P~ / 
Rh Rh 
CH/ .~ CH/ ~ L 
I L I 
CH3 Cl CH3 Cl 
(a) ( (j) 
(i) L = PPh2Me 
(ii) L = PPhMe 2 
(iii) L = PPh3 
Fig. 4.5. Proposed Structures of 
I I 
RhC12(CO){~-CH(CH3)C6H4PPh2}(L) 
0 1 CH3 
Ph 2 I Cl CH 
~a 
p~ / ~ / D Rh Rh CH/ ~Cl/ ~P 
I Ph2 
CH3 Cl CO 
(Other Isomers of the complex are also feasible). 
Fig . 4.6. Proposed Structure of 
the trans confIguration of phosphines in the complex. ormally, the 
coupling constants of trans phosphines in transition metal complexes 
are between 100-800 Hz, while in complexes containing cis phosphines, 
. 173-175 the couplIng constants are less than 100 Hz. The calculated 
* value for each rhodium-phosphorus coupling constant is 90.0 Hz. This 
compares well with rhodium-phosphorus coupling constants in other 
173 
octahedral rhodium(III) complexes. 
If the n.m.r. spectrum of (I) is obtained before the complex 
IS recrystallised, two overlapping pairs of doublets are observed -
one at 7.58T, the other at 7.53T. The latter resonance IS about one 
fifth of the intensity of the former and is believed to be due to the 
presence of another isomer of (£). Both isomers evidently contain 
trans phosphorus atoms, as the phosphine methyl resonance appears as a 
pair of doublets for each isomer. 
The large number of bands in the far i.r. spectrum of (F) 
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(recrystallised product) (Table 4.1) prevents assignment of the absolute 
stereochemistry of the molecule, and thus either structure (a) or 
structure (8) [Fig. 4.5(i)] is considered likely for the complex. 
The proton n.m.r. spectra of (~) and (H) (Table 4.2) show 
that both complexes are structurally similar to (F); the same sub-
stitution pattern of the bidentate phosphine ligand is evident from 
the multiplets at ca. 6T and the doublets at ca. 8.7T. The multiplet 
observed for the methyl resonances of PPhMe 2 in the spectrum of (G) 
suggests that the phosphines are trans in this complex [Fig. 4.5(ii)]. 
By analogy with (I) and (~), a trans configuration of phosphine ligands 
is expected in (H) [Fig. 4.5(iii)]. The far i.r. spectra of (~) and (H) 
are complex (Table 4.1) and therefore do not distinguish between the 
two possible stereochemistries, (a) and (8), (Fig. 4.5) for each complex. 
* Refers to the footnote on the prevIous page. 
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As (I), (~) and (H) are derivatives of (A), it IS deduced 
that the bidentate phosphine in the latter complex is chelated as shown 
in Fig. 4.6. 
I , 
Reactions of [RhC12(CO){Q-CH(CH2CH3~~PPh2112 (B) With Monodentate 
Phosphines 
When (~) is treated with monodentate phosphines (L), 
(L = PPh 2Me,PPh3) (1 mole per mole of rhodium complex) yellow solutions 
are obtained from which yellow, crystalline complexes (J) and (~) of 
empirical formulae Rh(APP) (CO)C1 2 (L) can be obtained. Each complex 
IS monomerIc In chloroform and shows one v(CO) band in its i.r. spectrum 
-1 
at > 2055 cm (Table 4.1). The i.r. spectra also show the 
absence of free vinyl groups In the complexes. 
The proton n.m.r. spectrum of (~) In CDC1 3 shows, in addition 
to aromatic resonances between 2.1 and 3.0T (relative intensity 25), a 
multiplet at 6.4T (relative intensity 1), a pair of doublets at 7.57T 
(relative intensity 3), a multiplet at S.4T (relative intensity 2) and 
a triplet at 9.57T (relative intensity 3). Irradiation at 9.57T 
causes the multiplet at S.42T to collapse to a broad doublet. 3l p 
decoupling of the spectrum affects only the pair of doublets at 7.57T, 
which collapses to a singlet. Thus, the resonances may be assigned to 
the CH protons (6.4T), the CH 2 protons (S.4T) and the CH3 protons 
(9.57 T) of the bidentate phosphine, and the CH3 protons of PPh 2Me 
(7.57T), consistent with the structure depicted in Fig. 4.7(i). The 
pattern of methyl resonances of PPh 2Me is similar to that observed in 
the proton n.m.r. spectrum of (I) and this suggests that the phosphlnes 
are trans in (J) . 
-'r-
CO 1 
Ph Ph 2 P 2 /1 /0 
~a ~ ~O~ 
P~ 
Rh Rh 
CH/ ~L ....... ,,) CH/ ~L 
I I 
CH 2CH3 C1 
CH 2CH3 C1 
(a) (i) L PPh 2Me 
({3 ) 
= 
(ii) L = PPh3 
Fig. 4.7. Proposed Structures of 
co C1 
~Cl ~CO 
C1 
(a) {(3) 
Fig. 4.9. Proposed Structures of 
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The pl'oLon n.m.r. spectrum of (K) IS similar to that of (J) 
- -
(Table 4.2), and thus the structure expected for (!5) is as shown In 
Fig. 4.7(ii). The far i.r. spectra of (J) and (K) are complex 
(Table 4.1) and do not distinguIsh between the two possible structures, 
(a) and (8), for each complex (Fig. 4.7). 
I I 
Reactions of [IrC12(CO){Q-CH(CH3~~PPh2112 (C) With Monodentate 
Phosphines 
The complex (~) reacts with monodentate phosphines (L), 
(L = PPh 2Me, PPh3) in refluxing benzene to produce white complexes, 
(M) and (_) of empirical formulae Ir(SPP) (CO)C1 2 (L), which are mono-
merIC in chloroform. The i.r. spectra of (M) and (N) show that free 
vinyl groups are absent in the complexes. In addition, each complex 
-1 
shows one v(CO) band at > 2040 cm (Table 4.1). 
The proton n.m.r. spectrum of the recrystallised complex 
(M) In CDC1 3 shows, in addition to aromatic resonances between 2.0 
and 3.0T (relative intensity 24) a quintet at 5.40T (relative 
intensity 1), a doublet at 7.85T (relative intensity 3) and a trIplet 
at 8.39T (relative intensity 3) (Table 4.2) [Fig. 4.8(a)]. Ten-fold 
expansion of the spectrum reveals that the triplet at hIgh field IS, 
in fact, two overlapping doublets. 3l p decoupling of the spectrum 
causes the quintet at 5.40T to collapse to a quartet, the doublet at 
7 . 58T to collapse to a singlet and the "triplet" at 8.39T to collapse 
to a doublet [Fig. 4.8(b)]. Thus, the protons of all three resonances 
are extensively coupled to one 3l p nucleus. IrradIatIon at 5.40T 
causes the triplet at 8.39T to collapse to a sInglet. Thus, the 
(b) 3lp DId S ecoup e pectrum 
'.6 ,: I : ,: I:: I 
: I : : I : ,: 
lOT 
(a) Normal Spectrum 
Fig . 4 .8. 
, I 
Proton N.M.R . Spectrum of IrC12(CO){O-CH(CH3)C6H4PPh2 }(PPh2Me). (CD 2C1 2) 
resonan ces are a~SI ned to the LH protons of the bidentate phosphine 
(5.401), the CH3 protons of PPh 2Me (7.58T) and the CH3 protons of the 
bidentate phosphIne (8.391) . 
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The doublet pattern of the methyl resonance of PPh 2.1e in the 
undecoup1ed spectrum suggests that the phosphines are CIS In the 
complex. Furthermore, the observed coupling between the 3l p nucleus 
of PPh 2Me with the alkyl protons of the bidentate phosphine suggests 
that PPh 2Me is trans to the alkyl group in the complex (Fig. 4.9). 
31 
uclear spin-spin coupling between a P nucleus of a phosphine ligand 
and another nucleus often seems to be stronger if the other nucleus 
is trans to the 3l p atom, rather than cis. For example, very strong 
trans-phosphorus-phosphorus coupling must be present In dimethylphenyl-
phosphine complexes of the Group VIII metals in order to explain the 
167 proton n.m.r. spectra. Also, In complex metal-hydrides containing 
tertiary phosphines as ligands, the phosphorus-hydride coupling constant 
is much larger when the phosphorus and hydride atoms are trans 
(90-170 Hz) than It is when they are cis (10-40 Hz) .1 76-178 Other 
authors have shown that this effect is also evident In iridium-allyll04 
and . . d . 1 k 11 79 1 Irl Ium-a y comp exes. 
With the stereochemical requirement that the phosphines are 
CIS In (M) and that the alkyl group of the bidentate phosphine is 
trans to PPh 2Me, there are only two possible structures, (a) and (6), 
for the complex (Fig. 4.9). The far i.r. spectrum of the complex 
-1 -1 
sho\ s strong bands at 315 cm and 293 cm , WhICh may be assIgned to 
iridium-chlorine stretchIng modes, with Cl trans to CO and P respect ively . 
The absence of other bands in the far i.r. spectrum therefore suggests 
that (a) is the correct structure of the complex. 
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If the n.m.r. spectrum of (M) is obtained before the complex 
is recrystallised, a pair of doublets is observed at 7.S3T, which is 
absent in the n.m.r. spectrum of the recrystallised product. This 
resonance pattern resembles the phosphine methyl resonance pattern of 
(~) and is therefore believed to be due to the presence of a second 
isomer of (M), containing trans phosphorus atoms. The intensity of 
the pair of doublets relative to that of the doublet at 7.8ST suggests 
that the "trans" isomer is present in only a low concentration 
(~. 10%). 
The far i.r. spectrum (Table 4.1) and the n.m.r. spectrum 
(Table 4.2) of (_) are similar to those of (M), and thus (M) and (N) 
are expected to have similar stereochemistries. 
Reactions of (D) With Monodentate Phosphines 
The product (Q) reacts readily with monodentate phosphines 
(L), (L = PPh 2Me, PPh3) to form monomeri c products, (Q) and (~), of 
empirical formulae Ir(APP) (CO)C1 2 (L). Although the i.r. spectrum of 
each product shows only one v(CO) band (Table 4.1), the products are 
evidently formed in a number of isomeric forms as their n.m.r. spectra 
are quite complex and difficult to interpret (Table 4.2). The proton 
n.m.r. spectrum of (Q) shows, in addition to other resonances, a pair 
of doublets at 7.63T (large separation = 11 Hz, smaller separation = 
2.5 Hz) and a doublet at 7 .88T. The latter resonances are absent in 
the n.m.r. spectrum of (~) and may be assigned to the methyl protons of 
PPh 2Me. The appearance of two groups of resonances for the methyl 
... 
f 
• 
Co.plex 
(f) 
(~) 
@ 
(D 
(!) 
(~ 
(!D 
(g) 
(~ 
Arolll4tic 
Resonances 
(T) 
2.I-l.Om. (24) 
2.I-l.Om . (20) 
2.0-l.Om. (29) 
2.1-3.0. . (25) 
1.9-3.Om. (29) 
2.0-3.0.. (24) 
2.0-3.Om. (29) 
2.0-3.Om. (25) 
2.1-3.Om . (30) 
TASLE 4 . 2 
Proton N. M.R . Spec tra of So~e Rhodl um( lll ) and Irl d l u~ ( III ) Co~r lex es 
CH protons (t) 
(HA) 
6. 2m. (I) 
6.Om. (I) 
6.1111. (I) 
6.4m. (I) 
6.4m . (I) 
5.40qn. (I) 
5.40qn. (I) 
Alkyl Resonances 
Bidentate Phosphine (P.) 
CH 2 protons (t) (HB) 
8.4m. (2) 
8.4 • . (2) 
CHl protons (t) (HC) 
8 .74d .(l) 
8 .74d .(l) 
8 .78d.(3) 
9.57t. (3) 
9.60t . (3) 
8 . l9t .(3) 
8.42t .( 3) 
Monodentate 
Phosphine (Pb) 
CHl protons (t) 
7.58d . of doublets 
(l) (main separa-
tion • II Hz, 
smaller separation 
• 2.5 Hz) 
7.9m.(6) 
7.57d. of doublets 
(3) (liain separa-
tion • II Hz, 
s.aller separation 
• 2.5 Hz) 
7.85d.(3) 
6.4111., 6.9m . , 7.63d. of doublets, 7.88d., 8.6111., 9 . 93t.(9) 
6.3111., 6.8111., 8 .6m., 9.95t. (6) 
. 
Coupling Constants (Hz) 
3 J H H 2 7, A C 
2 J RhP • 90.0 
• 
3 J H H ' 7 A C 
l 
J H H ' 7 A C 
3 
J H H 7, A B 
lJ _ 
HAHB 7, 
l J H H • 7.1, A C 
5J PbHC • 7.7 
l J H H • 7.2, A C 
5 J p H • 7.7 
b C 
3 ••• 
J p P • 450 
• b 
2 •• • 
JRhP • 90.0 h 
lJ 
HAHC ' 7 
l 
l 
3 
J H ' 7 
HA C 
J p H ' 8, 
b A 
J p H ' 8, b A 
"Measured in CDCI 3 at 32·C. The accuracy of each chemical shift is t 0.1 p.p . lII. (broad resonances) and t 0.01 p.p.m. (sharp resonances) . Each 
number in parentheses refers to the total relative intensity of the precedina resonance or aroup of resonances. 
""The abbreviations, HA, HB, HC' Pa and Pb are explained under the headina "Alkyl Resonances". 
···Oetermined by spln-ticklina experiments (Or. R. Bramley). 
~ 
o 
o 
, 
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group suggests that (Q) is a mixture of at least two isomers; one In 
which PPh
2
Me is trans to the phosphorus atom of the bidentate phosphine, 
the other in which PPh
2
Me is cis to the phosphorus atom of the bidentate 
phosphine. The products also appear to contain further isomers in 
which the bidentate phosphine is chelated in different ways. The high 
field triplet (ca. 9.9T) suggests that (Q) and (S) contain a complex 
in which there is a methyl group bonded to CH 2 . This implies that isomer 
(8) [Fig. 4.10 (i)] is present. The compl icated nature of the other 
alkyl resonances may be due to isomers (¢) and (p) [Fig. 4.l0(i)]. 
The n.m.r. spectra of (Q) and (§) are not simplified by successive 
recrystallisations of the complexes. 
As (Q) and (S) are derived from (D) it IS likely that the 
parent compound (D) contains a number of isomers also, in which the 
bidentate phosphine is chelated in different ways. 
In the formation of (A) and (C), saturation of the double 
bond follows Markownikoff's rule, as the hydrogen atom of HCl adds to 
the carbon atom of the double bond which carries the greater number of 
hydrogens. If the same rule applies to the formation of (~) and (Q), 
, r 
the products expected would be [MC12(CO){~-CH2CH(CH3)C6H4PPh2}]2 
(M = Rh, Ir) [isomer (¢)] (Fig. 4.10). However, in the preparation of 
, I 
(~), isomer (8), [RhC12(CO){~-CH(CH2CH3)C6H4PPh2}]2,is formed 
exclusively; there is no evidence for the formation of isomer (¢). 
While it is feasible that isomer (¢) may be formed in the preparation 
of (D), isomer (8) is apparently again formed in significant yields. 
It should be noted that isomer (8) is not formed from "anti-
~larkownikoff" saturation of the double bond, as this would gIve rIse 
.... 
co 
Ph
2 /L 0 -P~ M / ~Cl CH 
I 
CH CH Cl 
2 3 
(0) 
-
M 
/ \ CH2 Cl 
Cl 
(cJ» ( p) 
(i) M = Ir 
(ii) M = Rh 
(L = PPh2Me, PPh3) 
Fig. 4.10. Some Isomers of Rhodium(III) and Iridium(III) Complexes 
Derived from APP 
....... 
I 
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I • 
to [IIC12(COJ{~-CH2CH2CH2C6H4PPh2}]2' This IS to be expected,as the 
mechanisms by which (A) - (Q) are formed should be the same. The 
formation of isomer (8) can be explained by the prIor isomerisation of 
APP to PPP (PPP = ~-propenylphenyldiphenylphosphlne, 
~-CH3CH=CHC6H4PPh2) In the intermediate complex {formed by addition 
of APP to [M(CO)2C12]- } before HCl addition occurs. Such an isomerisa-
50 51 76 tion is not uncommon in transition metal complexes of APP. ' , 
Saturation of the double bond of coordinated PPP via Markownikoff's 
j , 
rule then accounts for the formation of [MC1 2 (CO)o -CH(CH CH3)C H4PPh ] , - 2 6 2 2 
[isomer (8)]. 
Intermediate Complexes in the Reactions of [M(CO)2C12] (M = Rh, Ir) 
With HCl and Olefinic Tertiary Phosphines 
If a freshly carbonylated, ethanolic solution of RhC1 3 .3H20 
IS treated with SPP at room temperature for l~ hours, a yellow, 
insoluble product is obtained which contains (A) and 
+ -[Rh(SPP) 2 (CO)] [Rh(CO) 2C1 2] (T) (combined yield ca. 60%). This is 
evident from the i.r. spectrum of the product which shows v(CO) bands 
-1 
at 2077, 2060, 2039 and 1980 cm (nujol). These bands are character-
-1 +-1 istic of the species (A) (2077 cm ) , [Rh (SPP) 2 (CO)] (2039 cm ) (see 
- -1 III 115 Chapters 2 and 3) and [Rh(CO )2C12] (2060, 1980 cm). ' If the 
supernatant liquid from thi~ reaction is evaporated to a small volume 
a yellow, crystalline product is deposited which is characterised 
+ -(by n.m.r. and i.r. spectroscopies) as [Rh(SPP)2(CO)] Cl. (Yield 33%). 
Treatment of (T) {formed by reaction of crystalline 
[Rh(CO)2Cl ]2 with SPP (see Chapter 2)} with HCl (1 atm., 25°C) yields 
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(A) exclusivel ' . This confirms that (T) is an actual IntermedIate in 
the formation of (A). 
+ Hydrogen chlorIde addition to fIve-coordInate [Rh(SPP)2(CO)] 
is unlikely to occur as the complex IS coordlnatlvely saturated In 
this form, but it is feasible that HCl addition could occur if a four-
+ 
coordinate derivative of [Rh(SPP)2(CO)] was formed through dissocIa-
tion of one of the rhodium-olefin bonds or loss of CO from the 
complex. Another plausible mechanIsm by WhICh (A) may be formed IS 
shown In Equation 4.2. 
+ -[Rh (SPP) 2 (CO)] [Rh (CO) 2C1 2] 2[Rh(SPP)COCl] + CO 
1 . .. (4.2) 
j , 
[RhC12(CO){~-CH(CH3)C6H4PPh2}]2 
Isolation of the intermediate complex, [Rh(SPP) (CO)Cl] , 
has been attempted several times by refluxing (T) in toluene for 
10 min to l~ hours. Although this generally leads to the decomposl-
tion of the rhodium complex, on one occasion an orange, air-sensitive 
compound (W) was isolated. The i.r. spectrum of (W) showed a v(CO) 
-1 band at 2009 cm (CHC1 3) and also showed that free vinyl groups were 
absent In the complex. The proton n.m.r. spectrum of (W) in CD 2C1 2 
showed, in addition to aromatic resonances at 2.0-3.0T (relative 
intensity 18), a quintet at S.24T (relative intensIty 1), a doublet 
3 
at 6.27T (relative intensity 1) ( J HH = 8.5 Hz) and a doublet at 6.63T 
(relative intensIty 1) (3JHH = 14.0 Hz). The latter three resonances 
are characteristic of a coordinated vinyl group of SPP and suggest 
that the complex may be the four-coordinate, Rh(SPP) (CO)Cl. 
Although intermediates similar to (T) and (W) have not been 
isolated in the reactIons of [Rh(CO)2C12]- wIth APP and HCl, 
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it is reasonable to expect these reactIons to proceed similarly to 
that discussed above. 
Conclusion 
Rhodium(I) and iridium(I) complexes, formed in situ by the 
reaction of [M(CO)2C1 2]-' (M = Rh, Ir) with SPP and APP, readily under-
go oxidative addition reactions with HCl to form dImerIc, chlorine-
bridged, chelate complexes of rhodium(III) and irIdium(III), (A - Q) 
In all cases, saturation of the double bond follows Markownikoff's 
rule. 
In the reaction of [Rh(CO)2C12] with SPP and HCl, the 
intermediate species to which HCl adds is evidently 
+ -[Rh(SPP)2(CO)] [Rh(CO)2C12] (T) or, more likely, a four-coordinate 
derivative of this complex, as (T) may be isolated from the reactIon 
mixture under mild conditions. Similar intermediates are postulated In 
the reactions of HCl with [M(CO) Cl] and L (M = Rh; L = APP: 
2 
M = Rh, Ir; L = APP, SPP). 
The dimerlc complexes (A - D) give monomerIC derivatives 
with monodentate tertiary phosphines (F - S). A feature of these 
reactIons is that the rhodium complexes formed contaIn mainly the 
isomer (or isomers) in which the two phosphorus atoms are trans, while 
the Iridium complexes formed contain maInly the isomer (or isomers) 
in which the two phosphorus atoms are CIS. Although the reason for 
this is not well understood it may be due to the fact that rhodlum(III) 
lOS 
con~lex s are generally more labile than the corresponding iridium(III) 
162 
complexes. If the initial addition of monodentate phosphIne to 
the dimers occurs CIS to the phosphorus atom of the olefinic ligand, 
then Isomerisa~lon to the trans onflguratlon of phosphorus atoms 
(which may be thermodynamically more stable) should occur more 
rapidly in the rhodIum complexes than in the irIdium complexes. 
Thus, the former complexes \ ould be expected to show a greater pro-
portion of ~he isomer containIng trans phosphorus atoms. 
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Experimental 
For general physical measurements and the preparation of 
+ -[Rh(SPP)2(CO)] [Rh(CO)2C12] see Chapter 2, Experimental. 
Carbon monoxide was bubbled through a refluxing, ethanolic 
(or methanolic) solution of rhodium trichloride trihydrate (0.85g, 
0.32 mmol.) until the solution had turned yellow (ca. 4 hours). 
~-Styryldiphenylphosphine was added (0.93g, 0.32 mmol.) and the mixture 
refluxed for a further 5 hours. The yellow precipitate obtained was 
filtered and washed with ether. (Yield 89%.) 
Found (%) : C 51.06; H 3.48; Cl 14.29; P 6.52 
Rh2C42H36P202C14 requires: C 51.32; H 3.67; Cl 14.46; P 6.31. 
The yellow complex was prepared from rhodium trichloride 
trihydrate, carbon monoxide and ~-allylphenyldiphenylphosphine by the 
method described In 1. (Yield 71%.) 
Found (%) : C 52.06; H 3.72; Cl 13.99; P 6.39 
Carbon monoxide was bubbled through a refluxing solution of 
iridium trichloride trihydrate (0.5g, 1.4 mmol.) in ethanol (or 
2-methoxyethanol) (100 ml) until the solution had turned yellow (ca. 6 
hours). ~-Styryldiphenylphosphine (0.4g, 1.4 mmol.) was added and the 
mixture refluxed for a further 6 hours. The white precipitate obtained 
was filtered and washed with ether. (Yield 83%.) 
Found (%): C 43.53; H 3.17; Cl 12.04 
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4 . The Mixture (D) 
The mixture of complexes was prepared from iridium tr ichloride 
trihydrate, carbon monoxide and ~-allylphenyldiphenylphosphine by the 
method de scribed In 3. (Yield 71%.) 
Found (%): C 44.44; H 3.37; Cl 11. 95 
C 44.61; H 3.56; Cl 12.10. 
I I 
5. RhC1 2 (CO) { Q-CH(CH3~~PPh2 } (PPh 2Me). (D 
Methyldiphenylphosphine (0.12g, 0.61 rnrnol.) was refluxed with 
(A) (0.30g, 0.30 mmol.) in benzene (30 ml) for 5 hours. The yellow 
solution obtained was evaporated to a small volume and the product 
precipitated with n-pentane. Yellow crystals of (£) were obtained when 
-
the product was recrystallised from dichloromethane/ether. (Yield 72%.) 
Found (%) : C 58.71; H 4.56; Cl 10.43; P 9.21; M.W. 727 
RhC34H3lP20C12 requires: C 59 .04; H 4.49; Cl 10.2 7; P 8.97; M.W. 691. 
The yellow complex was obtained from (A) and dimethylphenyl-
phosphine by the method described in 5. (Yield 74%.) 
I Found (%) : C 55.16; H 4.47; Cl 10.98; P 9.81; M.W. 560 
RhC29H29P20C12 requIres: C 55.33; H 4.61 ; Cl 11.29; P 9.86; M.W. 629 . 
The yellow complex was obtained from (A) and triphenylphosphine 
by the method descr ibed in 5. (Yield 74%.) 
Found (%) : C 61.89; H 4.22; Cl 9.27; P 8.43; M.W. 694 
RhC39H33P20C12 requIres: C 62.15; H 4.38; Cl 9.43 ; P 8.23; M.W. 753. 
I I 
8. RhC12(CO) { O-CH(CH2CH3~~PPh2}(PPh2Me) . (J) 
The yellow complex was obtained from (B) and methyldiphenylphos-
phine by the method described in 5. (Yield 63%.) 
! 
I 
,I 
108 
Found Co): C 59.84 ; H 4 . 90; Cl 9 . 89; P 9.03; M.W. 641 
RhC H 3P OCI requIres: C 59.57; H 4.68 ; Cl 10.07; P 8.80; M.W. 705. 
35 3 2 2 
I r 
9. RhC12(CO){Q-CH(CH2CH3lfu~PPh2}(PPh3l· (K) 
The yellow complex was obtained from (!0 and trIphenylphos-
phine by the method described in 5. (Yield 72%.) 
Found (%): C 62.86; H 4.75; C19.25; P 8.17; M.W. 708 
RhC40H35P20C12 requIres: C 62.58; H 4.56 ; Cl 9.26; P 8.08; M.W. 767. 
I I 
10. IrC12(CO){Q-CH(CH3lfu~PPh 2}(pPh 2Me). (M) 
Methyldiphenylphosphine (0.07g , 0.35 mmol.) was refluxed with 
(f) (0.2g, 0.17 mmol.) in benzene (30 ml) for 6 hours. The colourless 
solution obtained was evaporated to a small volume and the product 
precipitated with E-pentane. White crystals of (M) were obtained when 
the product was recrystallised from dichloromethane/ether. (Yield 68%.) 
Found (%) : C 52.26; H 4.17; Cl 9.13; M.W. 755. 
IrC34H3lP20C12 requIres: C 52.31; H 3.97; Cl 9.10; M.W. 780. 
The white complex was obtained from (f) and triphenylphos-
phine by the method described In 10. (Yield 73%.) 
Found (%) : C 55.71; H 4.03; Cl 8.40; M.W. 810. 
IrC39H33P20C12 requires: C 55.58; H 3 . 92; Cl 8.43; M.W . 842. 
12. The Mixture (Q) 
The white mixture of complexes was obtaIned from (D) and 
methyldiphenylphosphine by the method described in 10. (Yield 65%.) 
Found (go): C 52.91; H 4.17; Cl 8.98; M.\. 776 
IrC 35H33P 20C1 2 requires: C 52.90; H 4.16; Cl 8.94; I. \\T. 794. 
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13. The Mixture (S) 
The white mixture of complexes was obtained from (D) and 
triphenylphosphIne by the method described in 10 . (Yie l d 59 %. ) 
Found (%): C 55.88; H 4.00; Cl 8.41; M.W. 818 
IrC40H3SP20C12 requires: C 56.07; H 4.09; Cl 8.41; M.W. 856. 
14. Intermediate Complexes Formed in the Preparation of (A) 
An ethanolic solution of rhodium trichloride trihydrate 
(0.85g , 0.32 mmol.) was carbonylated as in 1 and then stirred at room 
temperature with SPP (0.93g , 0.32 mmol.) for l~ hours. The yellow 
precipitate that formed was separated by centrifugation and washed with 
ether. When the yellow , supernatant liqu id from the reaction was 
+ -
evaporated to a small volume, pale-yel low crystals of [Rh(SPP)2(CO)] Cl 
were deposited. 
+ -15. Reaction of [Rh(SPP)2(CO)] [Rh(CO)2~2 ] With HCl 
Hydrogen chloride was bubbled through a solution of 
+ -[Rh(SPP)2(CO)] [Rh(CO)2C12] (0.30g, 0 .33 mmol.) in chloroform/benzene 
(1:1, 10 ml) for ~ hou~ A yellow precipitate was formed which was 
collected by filtration. The complex was characterised as (~) by l.r. 
spectroscopy and also by the reactions of the complex with monodentate 
phosphines (see ~, ~ and ~). (Yield 49%.) 
I: II 
II 
Ii 
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